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ABSTRACT
Recent development in miniaturize electronic devices with higher computational capabilities
and ultra-low power communication technologies involves a tendency toward powering these
devices with high energy efficiency, long cycle life, fast and cheap manufacturing and low
weight power sources. Mechanical energy harvesters are needed for such diverse applications
such as self-powered wireless sensors, structural and human health monitoring systems, and
cheaply harvesting energy from human movements. Integration of piezoelectric materials and
novel fabrication strategies with conventional textile process established the emergence of
wearable technology field which can meet these needs. In particular, fiber-based electronic
devices can be integrated into garments with desirable attributes such as flexibility,
stretchability, permeability and lightweight. Piezoelectric fibers are an ideal interface platform
option between environment, electronic devices and human’s body and polyvinylidene fluoride
(PVDF) is highlighted in the wearable technology field due to its good chemical resistance,
strength, thermal resistance and stable and large piezoelectric, ferroelectric, and pyroelectric
properties. Previous work has shown that PVDF fibers can be integrated into textile based
mechanical energy harvesters and have highlighted the potential for further improvement. The
current challenges include slow processing, low energy conversion efficiency and difficulty in
integrating the fibers (and associated interconnecting electrodes) into textile garments.
Therefore, the aim of this project is to fabricate and characterise piezoelectric fibres suitable
for ready integration into textile materials. The project considers methods of fiber formation
(including the use of additives to enhance the piezoelectric coefficient) and develops novel
textile structures (weave, knit, braid, coil) with embedded electrodes. The flexibility and small
diameter of the final fiber makes it possible to use them in garment without affecting structure
or comfort. Finally, the performance of the fiber generators were evaluated through different

V

applications such as air and water sensor, health and movement monitoring and energy
generator.
This research work is summarized in the sections as follows:
Chapter 1 describes the definition of E-textile, smart textile and wearable technology. The
chapter critically reviews the recent development in fiber‐based self‐powered systems and
sensors with special focus on piezoelectric PVDF and composite structures. The principle of
piezoelectricity and their charge generation mechanism are considered. In addition, several
strategies that may improve the performance of piezoelectric generators are summarized.
Furthermore, a summary of the market for wearable technology is considered along with the
demands for high-end functional textile such as washability and degradability.
Chapter 2 provides an overall insight on the general experimental fabrication methods as well
as the characterisation analyses.
Chapter 3 demonstrates novel triaxial braided PVDF yarn harvesters that uses the piezoelectric
effect to converts tensile mechanical energy into electrical energy. Compressing or bending
braided PVDF yarns generated maximum output voltage of 380 mV and power density of 29.62
µWcm-3 which is ~1559% higher than previously reported for the piezoelectric textiles. The
developed triaxial energy generator exhibit significantly higher sensitivity by a factor of 4 when
compared with the PVDF energy generator. Unlike for other piezoelectric harvesters, the
triaxial braided PVDF yarn produces tensile energy harvesting with durability which is
enabling cycles with up to 50% strain for thousands of cycles with no changes in its
performance. The production processes are compatible with industrial, large-scale textile
manufacturing that can be used for a variety of potential applications such as wearable
electronic systems and energy harvesters charged from the everyday body movement.
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In Chapter 4, a novel approach is reported to create wearable energy generators and sensors
using nanostructured hybrid piezoelectric fibers and exploiting the enormous variety of textile
architectures (knitting, braiding and weaving). It is found that high performance hybrid
piezofiber was obtained using a barium‐titanium oxide (BT) nanoparticle and PVDF with a
mass ratio of 1:10. These fibers were knitted to form a wearable energy generator that produced
a maximum output voltage of 4 V and a power density 87µWcm-3 which is 45 times higher
than earlier report for piezoelectric textiles. The wearable energy generator charged a 10 µF
capacitor in 20 sec which is 4 and 6 times faster than previously reported for PVDF/BT and
PVDF energy generators, respectively. It also emerged that the established knitted energy
harvester exhibits sensitivity of 6.3 times higher in compare with the piezo fibers energy
generator. A knee sleeve prototype based on a PVDF/BT wearable device for monitoring realtime precise healthcare was demonstrated. The developed processing method is scalable for the
fabrication of industrial quantities of strain sensing and energy generation smart textiles.
Chapter 5 describes the characterization and synthesis of PVDF nanocomposites fibers and
coiled fibers that include a filler mixture of BT nanoparticles and reduced graphene oxide
(rGO) nanosheet. Based on FTIR and XRD analysis, there was a 58% improvement in β phase
formation for PVDF/rGO/BT nanocomposite coil in comparison with fiber. The dielectric
measurements of PVDF/rGO nanocomposites fiber revealed a low dielectric loss factor and
high dielectric constant. Young’s modulus and tensile strength of the as-prepared PVDF/rGO
nanocomposite fiber are 108% and 63% higher than pure PVDF fiber, respectively.
Polarization versus electric field (P–E) loop revealed that on an external electric field of 300
kV cm−1 the PVDF/rGO/BT nanocomposite has an energy density of ∼80 mJ cm−3, which
proves its potential applications for energy storage too. The PVDF/rGO/BT coils can stretch
up to ∼100% strain and caused a peak voltage output of ∼1.3V with a peak power density of
3 W kg-1 which is 2.5 times higher in comparison with previous research. The coil structure
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shows an energy conversion efficiency of 22.5%. The fabricated coils have great potential for
applications in high-performance, flexible, lightweight, and stretchable piezoelectric devices
for energy harvesting and biomedical applications. The coils were employed in wearable and
adjustable bending sensors for human fingers to demonstrate their feasibility in motion capture
applications and coils in a woven structure for muscle contraction sensing for athletes.
Chapter 6 provides a summary of the thesis and highlight directions for future research. This
thesis demonstrates the feasibility of the piezoelectric fiber production in combination with
different fillers and investigated their incorporation into textile structures in a diverse range of
applications. Significantly, the approaches shown are relatively simple to fabricate, cheap,
flexible, and easily incorporated into wearable devices to provide in situ monitoring and energy
harvesting.

VIII

ABBREVIATIONS
PVDF

Polyvinylidene fluoride

DMF

Dimethylformamide

CCG

Chemically converted graphene

BT

Barium titanium oxide

GO

Graphene oxide

°C

Degree of Celsius

PFM

Piezoelectric force microscopy

AFM

Atomic force microscopy

g

Gram

DMA

Dynamic mechanical analysis

rGO

Reduced graphene oxide

wt.%

Weight percent

Hz

Hertz (frequency)

hr

Hour

i

Current

mL

Millilitre

Eq

Equation

IX

FTIR

Fourier-transform infrared spectroscopy

t

Time

T

Temperature

rpm

Revolutions per minute

L

Litre

Y

Young’s modulus

s

Second

3D

Three dimensional

DC

Direct current

min

Minute(s)

d33

Longitudinal piezoelectric coefficient

mV

Millivolt

AC

Alternating current
Switching spectroscopy piezo response

SS-PFM
force microscopy
mA

milliampere

PZT

Lead zirconate titanate

P

Polarization

TGA

Thermogravimetric analysis

X

E

Electric field

F

Force

P

Pressure

DSC

Differential scanning calorimetry

Tan δ

Dielectric loss

SEM

Scanning electron microscope

𝜀𝑟

Dielectric constant

XRD

X-ray diffraction

D

Diameter

𝜀

Strain

R

Resistance

𝜀0

vacuum permittivity

OLED

organic light-emitting diode

XI

Table of Contents
CERTIFICATION .................................................................................................................. II
ACKNOWLEDGMENTS .................................................................................................... III
ABSTRACT ............................................................................................................................. V
ABBREVIATIONS ............................................................................................................... IX
Chapter 1:Introduction and Literature Review ................................................................. 12
1.1 Introduction ...................................................................................................................... 2
1.2 E-Textile Technologies .................................................................................................... 6
1.2.1 Smart Textile ............................................................................................................. 8
1.2.2 Wearable Technology ............................................................................................. 10
1.3 Piezoelectric Generators ................................................................................................ 13
1.3.1 Principle of Piezoelectricity .................................................................................... 15
1.3.2 Piezoelectric Materials ............................................................................................ 20
1.3.3 Piezoelectric Textile................................................................................................ 29
1.4 Wearable Piezoelectric Generators ................................................................................ 33
1.4.1 Wearable Piezoelectric Generators based on Piezoelectric Polymers .................... 33
1.4.2 Wearable Piezoelectric Generators based on Piezoelectric Composite .................. 39
1.4.3 Smart Wearable Market .......................................................................................... 46
1.4.4 Washable Wearable Generators .............................................................................. 48
1.4.5 Degradation and Recycling of Wearable Generators.............................................. 50
1.5 Thesis Aims ................................................................................................................... 52
1.6 References ...................................................................................................................... 54
Chapter 2:Materials and Methods ....................................................................................... 69
2.1 Materials ........................................................................................................................ 70
2.2 Experimental .................................................................................................................. 70
2.2.1 Synthesis of Graphene Oxide.................................................................................. 70
2.2.2 Preparation of PVDF/Graphene Composite............................................................ 71
2.2.3 Preparation of PVDF/BT Composite ...................................................................... 72
2.2.4 Nanostructured Hybrid PVDF/rGO/BT Composite................................................ 72
2.2.5 Film Preparation...................................................................................................... 73
2.2.6 Meltspinning Process .............................................................................................. 76
2.2.7 Cold Drawing Process............................................................................................. 78
2.2.8 Poling Method......................................................................................................... 79
2.2.9 Fabrication Methods ............................................................................................... 81

2.2.10 Mechanical Excitation Methods ........................................................................... 86
2.3 Characterization ............................................................................................................. 88
2.3.1 Mechanical Properties............................................................................................. 88
2.3.2 Fourier Transform Infrared Spectroscopy (FTIR) .................................................. 88
2.3.3 X-ray Diffraction (XRD) ........................................................................................ 89
2.3.4 Thermogravimetric Analysis (TGA)....................................................................... 89
2.3.5 Differential Scanning Calorimetry (DSC) .............................................................. 89
2.3.6 Dynamic Mechanical Analysis (DMA) .................................................................. 89
2.3.7 Scanning Electron Microscopy (SEM) ................................................................... 90
2.3.8 Raman Spectroscopy............................................................................................... 90
2.3.9 Filament Diameter Measurement ............................................................................ 90
2.3.10 Electrical Characterization .................................................................................... 90
2.4 Piezoelectric Characterization ....................................................................................... 91
2.4.1 Piezoelectric Force Microscopy (PFM) .................................................................. 91
2.4.2 Piezoelectric Constant Measurement ...................................................................... 91
2.4.3 Ferroelectric Measurements .................................................................................... 92
2.5 References ...................................................................................................................... 93
Chapter 3:Triaxial Braided Piezo Fiber Energy Harvester for Self-Powered Wearable
Technology .............................................................................................................................. 94
3.1 Introduction .................................................................................................................... 95
3.2 Experimental .................................................................................................................. 96
3.2.1 Fibers Fabrication and Preparations ............................................................................ 96
3.2.2 PFM Test of Single PVDF Fiber................................................................................. 97
3.2.3 Fabrication of Triaxial Braided PVDF Fibers.............................................................. 98
3.2.4 Sample Excitation Method ......................................................................................... 99
3.3 Results and Discussion .................................................................................................. 99
3.3.1 As-prepared PVDF Fiber ......................................................................................... 100
3.3.2 PVDF Characterisation ............................................................................................ 100
3.3.3 Effect of poling voltage on piezoelectric response ............................................... 107
3.3.4 Fabrication of wearable energy harvesters ........................................................... 112
3.3.5 Mechanical energy harvesting performance ......................................................... 114
3.4 Conclusion ................................................................................................................... 120
3.5 References .................................................................................................................... 121
Chapter 4:Wearable Electronic Textiles from Nanostructured Piezoelectric Fibers ... 124
4.1 Introduction .................................................................................................................. 125

4.2 Experimental ................................................................................................................ 127
4.2.1 Fabrication of Wearable Energy Harvester........................................................... 127
4.2.2 Morphology and Characterization of PVDF and PVDF/BT Nanocomposite ...... 130
4.3 Wearable Energy Generator and Sensor Performance ................................................. 137
4.4 Conclusion ................................................................................................................... 151
4.5 References .................................................................................................................... 152
Chapter 5:Highly Stretchable Self-Powered Wearable Electrical Energy Generator and
Sensors .................................................................................................................................. 155
5.1 Introduction .................................................................................................................. 156
5.2 Experimental Details.................................................................................................... 158
5.2.1 Nanocomposite Fiber and Coil Preparation .......................................................... 158
5.3 Results and Discussion ................................................................................................ 158
5.3.1 Morphology and microstructures of the PVDF nanocomposites .......................... 158
5.3.2 Ferroelectric Properties of Nanocomposite Films ................................................ 169
5.3.3 Dielectric and Conductivity Properties of Nanocomposite Fibers ....................... 171
5.3.4 Performance of Nanocomposite Coil Structures................................................... 174
5.4 Application Performance of Nanocomposite Fibers .................................................... 179
5.5 Conclusion ................................................................................................................... 186
5.6 References .................................................................................................................... 187
Chapter 6:Conculusions and Future Works ..................................................................... 190
6.1 General Conclusion...................................................................................................... 191
6.2 Suggestions for Future Work ....................................................................................... 196
6.3 References .................................................................................................................... 199

List of Figures
Figure 1.1 Multidisciplinary environment for e-textiles. .......................................................... 8
Figure 1.2 Schematic illustration and application demonstration of fiber based piezoelectric
generators for and wearable energy harvesters. 4, 20, 68, 129-137 ......................................... 12
Figure 1.3 Common fabrication methods of piezoelectric generators: a) Schematic
representation of the nanofiber stretchable piezoelectric nanogenerators with a stacked
nanofiber mat and graphite electrodes.19 b) A schematic illustration of wearable
applications using the flexible PZT energy harvester.127 c) Schematic illustrations for
preparation of PEDOT@PVDF nanofiber woven fabric.157 d) Solvent evaporationassisted 3D printing process for PVDF nanocomposite-based 3D structures.62 .............. 15
Figure 1.4 Schematic of (a) direct and (b) converse piezoelectric effects. ............................. 16
Figure 1.5 Dielectric, piezoelectric, pyroelectric and ferroelectric material relationships. .... 17
Figure 1.6 Direction index of electromechanical constants in poled piezoelectric materials. 18
Figure 1.7 Schematic representations of ways for β phase enhancement in PVDF-based
polymers........................................................................................................................... 26
Figure 1.8 Unit cell change of a BaTiO3 crystal during spontaneous polarization ................. 28
Figure 1.9 Schematic illustration of piezoelectric charge generation process for textile base
generators: i) The dipole get align in the direction of the applied electric field after poling
process, ii) The piezoelectric potential is generated by applying compressive force, iii)
maximized press state with highest polarization density, iv) Electrons flow back along the
opposite direction as the compressive force is released. .................................................. 30
Figure 1.10 a) Curved piezoelectric generator with the d31 mode. 253 b) The cross-sectional
view of the woven structure of PVDF film and the operating principle. 256 .................... 32
Figure 1.11 Schematic of diverse enhancing methods for fiber based piezoelectric generators
performance ..................................................................................................................... 33
Figure 1.12 Comparison difference types of fiber-base piezoelectric polymer: a) A cylinder
shaped of piezoelectric P(VDF-TrFE) fibre with CPC/indium as electrodes and
poly(carbonate) (PC) as protective layer.264 b) A flexible piezoelectric fiber from
electrospun PVDF-TrFE web.263 c) SEM image of the PVDF nanofiber membrane and
the PVDF/rGO electrode.265 d) Conceptual illustration of design of piezofilm yarn
sensor.266 e) SEM image of the cross-section of a single PVDF filament with conductive
core electrod.4 f) A triaxial braid structure from melt-spun PVDF filament and conductive
yarn.71 ............................................................................................................................... 34
Figure 1.13 Comparison of different types of wearable fabric-base piezoelectric polymer: a)
fibers woven into a textile from core-shell structure of PVDF filament.272 b) a 3D
piezoelectric fabric from PVDF filament in the knit structure. 81 c) woven flexible textile
structure from elastic tubes and piezoelectric film bands with electrods on both sides.273
d) PVDF/AlO‐rGO flexible nanocomposite.274 e) A woven piezoelectric fabric from
twisted yarns of electrospun PVDF-TrFE.275 f) A 3D interlock woven structure established
from PVDF and conductive fibers.70 ............................................................................... 37
Figure 1.14 Improving performance of fiber base generators by using piezoelectric and
triboelectric materials: a) Schematic of the flexible structure of the TENG-based insole.68
b) Diagram of a triboelectric energy harvester fabricated by the electrospinning process. 277
c) Schematic of stretchable triboelectric structure and SEM image of its component. 278 d)

Schematic diagram of all-fiber hybrid-triboelectric nanogenerator with two conductive
fabrics............................................................................................................................... 39
Figure 1.15 Comparison of the different types of wearable piezoelectric generators base on
piezoelectric composite: a) All-fiber wearable nanogenerator from electrospun web of
PVDF–NaNbO3 fibers.271 b) A 2D piezoelectric fabric consisting piezoelectric fabric
integrated with conducting wire electrodes and insulating spacer cotton yarn. 20 c) Woven
cotton-based textile containing four piezoelectric fibers. 154 d) A cotton-based textile
containing piezoelectric fibers in a woven structure. 153 e) Textile‐Based Hybrid
Nanogenerator from electrospun PVDF/CNT/BT web.285 f) Core-shell piezoelectric
nanofiber yarns with external electrodes.28...................................................................... 41
Figure 1.16 Fiber-based hybric triboelectric and piezoelectric generators: a) PDMSencapsulated nanoflower-like ZnO composite film.293 b) Fully integrated 3D fabrication
method for fiber-based hybrid nanogenerator 294............................................................. 43
Figure 1.17 a) Wearable device products on the market, b) Worldwide wearable forecast by
product category............................................................................................................... 47
Figure 1.18 Washability of wearable generators: a) Peak-to-peak voltage generation of PVDF
monofilaments before and after washing.316 b) Schematic of the nanogenerator structure and
SEM image of PVDF electrospun web after plasma etching.300, c) A comparison of voltage
output of the power generation fabrics after 2 h, 12 h washing and mechanical properties.317 d)
Output current of the PVDF stitch-based textile sensor after 50 cycles of washing.109 ......... 49
Figure 2.1 Overall procedure for fabricating PVDF/rGO composite. .................................... 71
Figure 2.2 Schematic illustration for the fabrication of PVDF nanocomposite film based
flexible pressure sensor .................................................................................................... 74
Figure 2.3 Polymer film preparation process by hot press technique: a) Hot press apparatus, b)
prepared clear PVDF film between two clamps, c) stretching PVDF film in a heating
chamber and d) stretching PVDF film using IR lamp ..................................................... 75
Figure 2.4 Schematic overview of the melt-spinning set-up used for the production of
continuous PVDF fibers: (a) PVDF powder feed; (b) twin screw extruder; (c) single hole
3 mm diameter spinneret (die); (d) heating zone for slow cooling as-spun fibers (80 °C);
(e) stretching zone and (f) take up, a spool of melt-spun PVDF piezoelectric fibers. ........... 76
Figure 2.5 Preparation process of nanocomposite fibers of PVDF/BT .................................. 78
Figure 2.6 Set up for drawing and heating of PVDF filament. ............................................... 79
Figure 2.7 Poling machine to apply electric field to films and fabrics: a) the poling machine
set up with power supply and controlling unit and b) magnified image for silicon oil bath.
.......................................................................................................................................... 80
Figure 2.8 Schematic diagram to illustrate the 3D braiding process: (i) supply spool of the core
yarn, (ii) braiding machine with 12 feed spools, (iii) two-layer braided PVDF fibers as the
sheath and silver coated nylon the as core, and (iv) fabricated triaxial braided piezoelectric
device made by braiding silver coated nylon around the PVDF–silver nylon two-layer fiber.
.......................................................................................................................................... 82
Figure 2.9 Knitting process for melt-spun piezoelectric fiber: a) Circular knitting machine, b)
3D circular knitted structure of PVDF fiber .................................................................... 83
Figure 2.10 Weaving process for melt-spun piezoelectric fiber: a) weaving loom set up, b)
woven piezoelectric fiber, c) placing conductive fabric on both side of woven structure
and d) woven piezoelectric fibers with silver coated Nylon as electrodes. ..................... 84

Figure 2.11 Schematic representation of twist insertion in PVDF nanocomposite fiber using:
(a1) PVDF fiber, (a2) powered drill, (a3) metallic paper clip, (a4) the weight, (a5) coil
formation by induced twist to the fiber (a6) stretched and clamped coiled fiber. ........... 85
Figure 2.12 Compression and impact test set up: a) Multiple views of the in-house setup for
continues impact on sample, b) Measured displacement of the piston with respect to
angular rotation., c) Profile of the designed CAM at different rotational increments. .... 87
Figure 2.13 D33 meter machine to measure piezoelectric constant of nanocomposite films . 92
Figure 3.1 PVDF filament mounted by the silver paste for PFM test .................................... 98
Figure 3.2 Optical photograph of the as-developed triaxial braided piezo generator: (i) silver
coated nylon as inner and outer electrodes and (ii) braided PVDF fibers as the intermediate
layer. The structure had a total diameter of 2.55 mm consisting of a silver coated nylon core
(0.6 mm), an intermediate PVDF layer with a thickness of 1.37 mm, and outer sheath of silver
coated nylon braid with a thickness of 0.58 mm. ................................................................ 98
Figure 3.3 A photograph of the mechanical bending setup: the as-prepared braided
piezoelectric device (a) before and (b) after subjected to 50% strain. ............................. 99
Figure 3.4 SEM images of the as-prepared PVDF fiber: a) cross section of the stretched meltspun PVDF fiber at low and high magnification (inset), (b) PVDF fiber along the length.
........................................................................................................................................ 100
Figure 3.5 FTIR results for PVDF powder, as-prepared meltspun and stretched / poled PVDF
filament. ......................................................................................................................... 101
Figure 3.6 X-ray diffraction patterns for the powder, as-prepared melt-spun, stretched and
poled PVDF filament. .................................................................................................... 103
Figure 3.7 DSC patterns for powder, Melt-spun, Stretched and Poled PVDF filaments in
triaxial braid structure .................................................................................................... 104
Figure 3.8 Stress strain curves for the as-prepared stretched and non-stretched PVDF filament
........................................................................................................................................ 106
Figure 3.9 Mechanism of amplitude butterfly curve and phase hysteresis Loop of cellular PP
thin film during SS-PFM testing21 ................................................................................. 108
Figure 3.10 Amplitude butterfly curve test results for the as-prepared poled PVDF fiber with
10 mm length at 5 positions along the length from a) to e) respectively. ..................... 109
Figure 3.11 PFM amplitude responses as a function of fiber length for (a) the as-prepared 10
mm poled PVDF fiber, (b) local PFM phase hysteresis loop and piezoelectric butterfly
loop of the as-prepared poled PVDF fiber with 10 mm length and 200 μm thickness by
switching the voltage from −25 to +25 V (±1.5 kV cm−1 electric field) and (c) asymmetric
amplitude butterfly curve for 20 mm length...................................................................... 110
Figure 3.12 SEM images of PVDF filament surfaces: a) unpoled, b) poled sample. ........... 111
Figure 3.13 PFM topography images of the as-prepared PVDF fiber as a function of applied
voltage: (a) 0, (b) 2.5, (c) 5, (d) 7.5 and (e) 10 V. ......................................................... 112
Figure 3.14 Photograph of the cross-section of the fabricated energy harvesting generator
based on triaxial braided PVDF fibers; (a) and (b) silver coated nylon as outer and inner
electrodes, respectively, and (c) braided piezoelectric PVDF fiber. .............................. 113
Figure 3.15 The mechanical energy harvesting performance of developed triaxial braided
piezoelectric fibers: (a) and (b) output voltage for the 2 cm fabricated device at an applied
impact pressure of 0.017 MPa and 0.023 MPa, respectively. The inset shows voltage
output time for the first peak. (c) Variation of current and peak power output as a function of
applied impact pressure for the developed triaxial piezo energy generator and (d) the peak

values of the power and voltage for the fabricated device (obtained at an impact pressure of
0.023 MPa)...................................................................................................................... 115
Figure 3.16 The rectified voltage from continues impact pressure of the developed triaxial
piezo braided structure using an in-house setup. ........................................................... 116
Figure 3.17 Characteristics of the developed triaxial braided piezoelectric textile during the
bending cycling test: (a) the voltage output of the triaxial textile energy generator with a
maximum strain of 50% and at 0.25 Hz and (b) the stability of performance of the triaxial
braided piezoelectric textile in the bending test during 1000 cycles to a maximum strain of 50%
and at 0.6 Hz. .................................................................................................................. 118
Figure 3.18 Photographs of (a) the fabricated triaxial braided energy harvester based on
meltspun PVDF and silver coated fibers, (b) silicone coated triaxial braided energy
generator, (c) fabricated woven textile energy generator based on triaxial braided piezo
fibers with five devices in parallel, and (d) a spool of the as-prepared triaxial braided
piezoelectric energy harvesters......................................................................................... 119
Figure 4.1 Schematic illustration of the fabrication of the wearable knitted energy generator
from nanostructured hybrid PVDF/BT fibers ................................................................ 126
Figure 4.2 a) The process for producing a knitted structure by circular knitting machine, b)
Circular knitted structure of PVDF/BT fiber, c) magnified image of loops formation in
knitted structure, d) optical photograph of the circular knitted piezo generator (i) conductive
woven fabric as electrodes and (ii) knitted PVDF/BT fiber as the middle layer. ................ 128
Figure 4.3 Woven structure of: a) pure PVDF fiber, b) PVDF/BT fiber and c) magnified image
of PVDF/BT woven structure ........................................................................................ 129
Figure 4.4 a) Plain woven PVDF/BT structure, b) connecting conductive woven fabric to the
structure and c) final structure for woven PVDF/BT filaments with two electrodes on top
and bottom. .................................................................................................................... 129
Figure 4.5 SEM image of as-prepared cast films:a) neat PVDF, b) PVDF/BT (5%wt), c)
PVDF/BT (10%wt), d) PVDF/BT (15%wt), e) PVDF/BT (20%wt), f) PVDF/BT (25%wt).
........................................................................................................................................ 130
Figure 4.6 SEM images of the as-spun PVDF and PVDF/BT fibers a) surface of PVDF fiber,
b) cross section of PVDF fiber, c) surface of PVDF/BT (10 wt%), d) cross-section of
PVDF/BT at low and e) higher magnification. f) Nanostructured BT nanoparticles. (g)
elemental mapping analysis performed on the hybrid PVDF/BT (10 wt%) fiber crosssection area i) the location of titanate (Ti green dots), ii) barium (Ba red dots) and iii)
Fluoride (F blue dots)..................................................................................................... 131
Figure 4.7 Characterisation of the melt-spun PVDF and PVDF/BT nanocomposite fibers with
different percentage of BT nanoparticles (5%, 10%, 20% wt): a) FTIR spectra of PVDF
and hybrid PVDF/BT fibers, b) The variation of the calculated β phase contents of the
PVDF fiber as a function of the percentage of BT nanoparticles (%wt), c) X-ray diffraction
patterns for PVDF and hybrid PVDF/BT fibers, and d) Stress–strain curves obtained from
tensile tests of PVDF and PVDF/BT nanocomposite fibers. ......................................... 132
Figure 4.8 Variation of β phase contents and output voltage of the as-preapred PVDF/BT
naoncomposites films as function of percentage of the BT nanoparticles..................... 133
Figure 4.9 TGA curves of PVDF and PVDF/BT nanocomposite fibers with different amount
of the BT nanoparticles .................................................................................................. 134
Figure 4.10 DSC patterns for PVDF and PVDF nanocomposite fibers with different amount
of BT nanoparticles ........................................................................................................ 135

Figure 4.11 Young's modulus and tensile strength of PVDF and PVDF/BT nanocomposite
fibers at different BT concentration. .............................................................................. 137
Figure 4.12 The dielectric properties of the as-prepared textile energy generator as a function
of frequency: a) dielectric constant of the braided energy generator; b) loss tangent of the
braided energy generator; c-d) dielectric constant and dielectric loss as a function of
frequency for woven and knitted wearable energy generators based on PVDF/BT 10
nanocomposite fiber, respectively. ................................................................................ 138
Figure 4.13 a) Digital photograph of triaxial braided piezo fibers: i) illustration of energy
harvesting mechanism, ii) a bobbin of flexible triaxial braided energy harvester, b) effect
of BT nanoparticle content (wt%) on open circuit voltage of the as-prepared triaxial
braided piezo fiber energy generators, c) the magnified image of the open circuit voltage
in the region of 101–106 s for the braided PVDF/BT10 nanocomposite fiber, d) the voltage
output and power dependence on the load resistance of the braided PVDF/BT 10 which was
obtained at an impact pressure of 0.0031MPa. .............................................................. 141
Figure 4.14 a) Equivalent of the full wave rectifier circuit for charging a capacitor with
resistance 430 kΩ, b) Charging of the different capacitors by the power generated from
the four parallel connections of the braided PVDF/BT 10 under periodic impact pressure,
c) Charging−discharging (V−t) graph of one triaxial braided piezo PVDF/BT 10 structure
across capacitor 10 µF and d) Charging capacitor in experimental and simulated fit for
magnified part of charging graph C. .............................................................................. 142
Figure 4.15 The voltage output performance and the voltage profile of the charged capacitor
(10 µF) using as-prepared wearable energy harvester based on PVDF/BT10 fibers: a);
woven energy generator, (a1) voltage output vs time for woven generator (a 2) charging
voltage vs time for woven generator, b); triaxial braided energy generator (b 1) voltage
output vs time for braided generator, (b2) charging voltage vs time for braided generator
c); circular knitted energy generator, (c1) voltage output vs time for knitted generator, (c2)
charging voltage vs time for knitted generator. ............................................................. 143
Figure 4.16 a) Comparing sensitivity and power output for as-prepared textiles energy
generators, b) wearable energy generator device based on integration of the seamless
electrodes, (i) knitted PVDF/BT10 fiber (ii) knitted seamless integrating silver coated
nylon yarn as electrodes ................................................................................................. 146
Figure 4.17 a) Photograph of the developed wearable and portable energy generator based on
woven PVDF/BT10 piezoelectric fibers, b) generated voltage from joint bending during
walking and running and c) charging 10 µF capacitor during 25 steps. ........................ 147
Figure 4.18 Photograph of the developed portable knee sleeve based on wearable woven
PVDF/BT10 piezoelectric sensor: a) wearable strain sensor at initial zero bending, a 1) bent
at 45°, a2) bent at 90°, b) The generated voltage associated with repeated knee bending
and unbending to the maximum angle of 0o, 45o or 90o, as indicated. .......................... 148
Figure 4.19 a) Photograph of the developed circular knitted piezo sensors: a) assembled knitted
piezo sensors with core-shell electrodes under hand pressure, a1) effect of pressure cycle
on voltage output, a2) response time (voltage output vs time) for magnified image a1, b)
developed silicon coated knitted piezo sensor with seamless integrating electrodes, b1)
effect of pressure cycle on voltage output, b2) response time (voltage output vs time) for
magnified image b1, c-c1) the knitted piezo sensor before and after pumping water,
respectively, c2) effect of pumping and release water (pressure cycle) on output voltage
and c3) response time (voltage output vs time) for magnified image c 2, d) the knitted piezo

sensor during pneumatic test under pressure of 20 kPa, d 1) effect of pumping and release
air (pressure cycle) on voltage output and d2) response time (voltage output vs time) for
magnified image d1. ....................................................................................................... 150
Figure 5.1 Schematic illustration of the charge generation during longitudinal extension of
PVDF/rGO/BT nanocomposite coil. .............................................................................. 157
Figure 5.2 Experimental procedure for the continuous production of nanocomposite fiber: a)
chopped PVDF/rGO film, b) nanocomposite PVDF/rGO fiber coming out from the die to
be collected, IR Lamp used for slow cooling as-spun fiber (80 °C) and c) a spool of flexible
PVDF/rGO nanocomposite fiber. .................................................................................. 158
Figure 5.3 Macro-pictures of (a) solution (b) film and (c) nanocomposite fiber of (i) pure
PVDF, (ii) PVDF/BT, (iii) PVDF/rGO and (iv) PVDF/rGO/BT, c) foldable flexible
PVDF/rGO film ............................................................................................................. 159
Figure 5.4 SEM images of the as-spun nanocomposite fibers: a) surface of PVDF fiber, b)
surface of PVDF/BT (10 wt%), c) cross-section of PVDF/rGO/BT fiber, d) cross-section
of PVDF/rGO fiber at e) low and f) higher magnification. ........................................... 160
Figure 5.5 Characterisation of the melt-spun PVDF, PVDF/BT, PVDF/rGO and
PVDF/rGO/BT fibers: a) FTIR spectra and b) The difference in β phase contents of fibers
and coils structure c) X-ray diffraction patterns and d) Stress–strain curves obtained from
tensile tests ..................................................................................................................... 162
Figure 5.6 Mechanical characterization of PVDF, PVDF/BT, PVDF/rGO and PVDF/rGO/BT
nanocomposite fibers: a) Young's modulus and b) tensile strength. .............................. 164
Figure 5.7 DSC second melting (a) and cooling (b) curve of PVDF, PVDF/BT, PVDF/rGO
and PVDF/rGO/BT nanocomposite fibers. .................................................................... 165
Figure 5.8 Thermographs of PVDF, PVDF/BT, PVDF/rGO and PVDF/rGO/BT
nanocomposite fibers. .................................................................................................... 167
Figure 5.9 Dynamic mechanical analysis of the PVDF nanocomposite fibers at frequency 1Hz:
a) Storage modulus, b) Loss tangent (tan δ) .................................................................. 168
Figure 5.10 Polarization – electric field (P-E) hysteresis loops of: a) the PVDF, PVDF/rGO,
PVDF/BT and PVDF/rGO/BT nanocomposite films, b) the PVDF/rGO/BT
nanocomposite film measured from 50 to 350 kV/cm, c) remanent polarization at different
electric fields and d) energy density for different nanocomposite films. ...................... 170
Figure 5.11 The frequency dependence of (a) the dielectric constant and (b) the loss tangent of
the PVDF, PVDF/rGO, PVDF/BT and PVDF/rGO/BT nanocomposite fibers at room
temperature. ................................................................................................................... 172
Figure 5.12 Graph of conductivity as a function of frequency for PVDF nanocomposite fibers
at room temperature. ...................................................................................................... 174
Figure 5.13 Optical micrographs of (a) PVDF meltspun fiber, (b) coil formation process by
inducing twist, (c) the magnified coil section, and (d) coil bias angle from close view of
coil section. .................................................................................................................... 174
Figure 5.14 (a) Digital photograph of the stretching procedure of a PVDF coil showing the coil
expanding under tension up to ∼120% strain, (b) Optical microscope image of a coil under
different strain, (c) Stress- strain curve for pure PVDF coil, (d) Stress−strain curves of the
loading and unloading filament over a 200% strain range after differing initial strains.
........................................................................................................................................ 175

Figure 5.15 (a) Optical microscope image of double fiber coil: (i) highly twisted fibers (ii)
PVDF, (iii) PVDF/BT, (iv) PVDF/rGO/BT, (v) PVDF/rGO, (b) output voltage for single
and double fiber coil structure after 100% strain at frequency of 1Hz. ......................... 176
Figure 5.16 Electric output of the PVDF and PVDF nanocomposites for 1 cm of coil structure
during axial extension: (a) the signals of open-circuit voltage and (b) short-circuit current at
frequency of 1Hz at strain 100%, (c) output voltage for different percentage of strain and (d)
Coil structure: (i) Schematic illustration of the coil generator with aluminium foil on both sides
as electrodes (ii) image of a coil with several centimetres long.......................................... 177
Figure 5.17 a) Photographs of woven PVDF/rGO fiber with four active units in serial
connection, b) magnified image of one active unit: i) silver‐coated nylon as electrodes and
ii) PVDF/rGO fibers, c) output voltage for parallel connection with different active units
connection, d) charging 100 µF capacitor by the power generated from the four units
connection in serial under periodic impact pressure. ..................................................... 180
Figure 5.18 a) Circular knitted structure of: a1) PVDF/rGO and a2) PVDF/rGO/BT fiber, b)
optical photograph of the circular knitted piezogenerator: i) conductive woven fabric as
electrodes and ii) knitted PVDF/rGO fiber as the middle layer, c) assembled knitted piezo
sensors with core–shell electrodes under hand pressure and d) effect of pressure cycle on
voltage output, e) covered and filled knitted piezo sensors with silicone rubber as a
pressure sensor and f) voltage output of pressure sensor under different forces of
mechanical tester. ........................................................................................................... 182
Figure 5.19 a) Practical demonstration of the PVDF/rGO coils as a human motion sensor for
bending/straightening of finger in different angle, a1) experimental setup for
demonstrating signals on phone, b) the output voltage of PVDF/rGO coils at different
bending angle in a bending and straightening cycle and c) The relationships between
different bending angle and output voltage and current of PVDF/rGO coils at frequency
of 0.5 Hz......................................................................................................................... 183
Figure 5.20 Photograph of woven PVDF/rGO piezoelectric coils applied on arm, a1) the
developed wearable and portable energy generator based on woven PVDF/rGO
piezoelectric coils with the poling direction parallel to the length direction, a2) magnified
image of woven structure with three PVDF/rGO coils in warp direction, b) Photograph of
woven piezoelectric sensor based on PVDF/rGO coils during lifting weight, c, d) the
generated voltage associated with lifting weight of 1 and 5 kg in different positions... 185
Figure 6.1 Comparison of the power density for the present triaxial braided energy harvesting
generator and previously reported energy generators based on pure piezoelectric PVDF
films and fibers. The maximum power density for the present triaxial braided energy harvester
is comparable to or higher than that in previous studies; however, its sensitivity (output
voltage the applied force) significantly exceeds that in previous studies ( 1-7, 8-10, and 11,
12
). ................................................................................................................................... 192

List of Tables
Table 1.1 Figures of merit in piezoelectric materials .............................................................. 19
Table 1.2 Physical and piezoelectric properties of PVDF and BaTiO3 at room temperature. 29
Table 1.3 Extensive Comparison between piezoelectric performances of fiber based PVDF
generators. ........................................................................................................................ 44
Table 2.1 The extruder heating profile for melt spun fibers ................................................... 77
Table 3.1 Different PVDF filament lengths and their applied voltage for the poling process 97
Table 3.2 Percentage of β phase formation in all PVDF samples ......................................... 102
Table 3.3 Measurement results taken from the Shimadzu tensile tester ............................... 107
Table 3.4 Deformation (surface topography) of the as-prepared PVDF filament as a function
of applied voltage ........................................................................................................... 111
Table 3.5 Comparison of the power output of the energy generator based on piezoelectric
PVDF films and fibers ................................................................................................... 117
Table 4.1 Characteristic temperatures values obtained from the DSC data. Melting temperature
Tm and crystallinity Χc were determined from the first heating DSC curves............... 136
Table 4.2 Summery of mechanical properties of the as-preapred PVDF and PVDF/BT
nanocomposite fibers ..................................................................................................... 136
Table 4.3 Comparison of power density of our flexible textile with other reported generators
earlier. ............................................................................................................................ 145
Table 5.1 Summary of mechanical properties of the as-preapred PVDF and PVDF/BT
nanocomposite fibers ..................................................................................................... 163
Table 5.2 DSC results for PVDF and its nanocomposites fibers .......................................... 166
Table 6.1 Comparison of the output performance and the energy conversion efficiency of
PVDF and PVDF composites energy harvesters ........................................................... 194
Table 6.2 Comparison of the performance of all PVDF base developed devices ................. 196

Chapter 1

_______________________________
Introduction and Literature Review

This chapter is an edited version of the following published journal article:Mokhtari, F.; Cheng,
Z.; Raad, R.; Xic, J.; Foroughi, J., “Piezofiber to Smart Textile: Review on Recent Advances
and Future Outlook for Wearable Technology”, Journal of Materials Chemistry A, 2020

1.1 Introduction
The industrialisation approaches create new incorporative fields such as Internet of Things
(IoTs) 1, robots, artificial intelligence (AI) and big data. 2 The IoT is a system of interrelated
computing devices which comprises everyday objects, such as medical technology, mobile
phones, laptops, and other electronic devices, and perhaps one day, it will even include ordinary
things such as clothing and furniture.3 Electronic textiles (e- textile) are poised to play an
important role in the IoT development to connect larger number of objects to each other and to
the cloud.4 The technological advances of these devices has revolutionized our world and daily
lives with substantial growth in usage expected in the near future. The power sources for these
devices are normally rechargeable batteries. These power source have the limitation such as
periodic charging times, minimal life-cycle, potential hazard, high-priced disposal and
significant environmental risks
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so they may not be the most appropriate power source for

future electronic devices. Therefore, many efforts are underway to find renewable,
environmentally friendly and green energy source to power up electronic devices. 6-8 There are
various green energy sources including solar 9, wind 10, acoustic and radio wave

11, 12

, heat 13,

14

, and vibrations 15. These renewable energy harvesting systems attract attention in the research

area of renewable and sustainable energy harvesters due to the rapid spread of wireless
electronics.16 Most of the devices developed during the past decade just had a single source for
energy harvesting. However, recently rising interest is in multi-source hybrid energy
harvesting.17
Energy harvesting from body movement and surrounding environment can potentially fulfil
such a goal due to ubiquitous availability. The human body movement is an enormous
storehouse of energy. Human body has abundant energy from the mechanical movements of
jumping, walking, and running and organ motions like respiration and heartbeat. 18 Harvesting
2

from large scale body movements with high mechanical energy, particularly at joints like the
knee and elbow, involve complex deformations of the devices in multimodal straining modes
such as bending, twisting, pressing, and multiaxial stretching. At the same time, they require
not only flexibility but also the stretchability, which are both essential for efficient energy
conversion.19 Body movement as a power source can be considered as an attractive alternative
over traditional rechargeable batteries to supply electrical power to low-energy devices such as
wearable electronics and body worn sensors.20 The power from a 68 kg adult's daily activities
such as heating, breathing, blood circulatory, arm motion, walking and typing could reach to
over 100 W. Converting 1% of this power may be sufficient to charge portable electronics. 21
Clothing is one of the necessities of human life which is considered as the second skin and is
the only wearable that adjusts to our everyday lifestyle over the course of a lifetime. Textiles
represent a strong candidate to become the next interface between the real and the digital
world.22 Textiles combine useful properties of light weight, soft nature, natural micro-structure,
wearable convenience, and air permeability and can be an ideal candidate for wearable
applications.23 The emergence of wearable devices could potentially improve the quality of
human life owing to their applications for healthcare monitoring

24

, smart fabrics 25, motion

tracking, roll‐up displays 26, and wearable heaters.27 Although the first generation of such smart
textile only uses the textile as a substrate for rigid and miniaturized electronic components,
intrinsically flexible and wearable sensors directly use fabric as functional materials to a
seamless integration of the multi-function sensors and textiles.23
There are three different research categories which attract considerable attention in the area of
wearable energy harvesting. First, applying energy harvesting materials in different forms such
as fibers or yarn 28, two

29, 30

and three-dimensional

31, 32

fabric and film structures 33. These

provide different performances in the case of flexibility, stretchability and appropriate
integration of active materials and electrodes. Second, researchers are considering using
3

polymers and diverse range of fillers which enhance output power, higher energy conversion
efficiency and sensitivity of e-textiles.34, 35 Third, the integration of wearable energy-harvesting
with energy-storage devices which is an attractive route that create new opportunities for
empowering wearable electronics sustainably.36 These devices have lighter weight, longer
operational time or less frequent recharging which bring convenience of consumers.37
Since the 1990s the field of energy harvesting has been studied, and the technological progress
in this field has accelerated, especially in the last few years. 38 Many devices such as
electromagnetic

39

, piezoelectric

40

, and triboelectric

41

energy harvesting devices have been

exhibited to convert body movement energy into electricity, which can be used to power
various wearable and implantable electronics. 18 Each energy resource has its own advantages
in particular environments. Among them, the piezoelectric energy harvesting technology has
particularly attracted attention because of its high energy density characteristics. 42 Piezoelectric
materials convert mechanical energy into electricity through a mechanical‐to‐electrical
transformation mechanism.43
Piezoelectric materials simply can be divided into four classification: single crystals, ceramics,
polymers, and composites (polymer/ceramic combination). Among them, piezo ceramics
generally suffer from brittle and rigid properties that fails to satisfy the design of flexible
wearable electronic devices.44 Over years, many attempts have been made to achieve high
performance of piezoelectric generators, which is generally affected by both intrinsic (crystal
structure 45, piezoelectric coefficient 46, geometry effect 45, arrangement 47, etc.) and extrinsic
(frequency

48

, applied pressure

49

, poling effect

50

, external load, etc.) parameters.51

Ferroelectric polymer materials such as poly (vinylidene fluoride) (PVDF) and its copolymers
are well known for their piezoelectric properties. Despite they have lower piezoelectric
coefficients than their inorganic counterparts, they are flexible and can tolerate the higher
mechanical strain.52, 53
4

Polar β‐phase in PVDF is an essential parameter for efficient energy‐harvesting applications.54
Addition of functional nanomaterials (TiO2 55, Fe‐rGO 56, BiVO4 57) into the PVDF matrix is a
novel approach that interrupts the PVDF molecular symmetry and leads to the formation of
polar crystalline β‐phase and consequently enhance the ferroelectric properties. Also, the
various nanomaterials with inherently high piezoelectric properties (PZT 58, BT 59, NaNbO3 60)
has been added into the PVDF matrix to increase the overall piezo response. 61
PVDF offer a wide diversity of fabrication methods including, solvent-casting62, melt-casting
63

, fiber extrusion

64

, electrospinning

65

and phase-inversion.66 However, one of the main

challenges for all these materials and methods is to transform them in proper textile structures
to sustain the basic properties of the fabrics, such as flexibility and wearability. The electrospun
fibers are aligned along length axes and there is no need for poling process due to the high
electric field applied through fabricating but still the processes is quite tedious and expensive. 65,
67

The flexible film based materials devices can be bent in one direction. But their lack of low

damage tolerance, air‐permeability, and poor stretchability limit their application, specifically
for wearable application.21 Therefore, piezoelectric fiber based textile generators are in high
demands. Fiber-based flexible generators can be integrated in textile products such as shoe
insoles, trousers and clothing designed to harvest energy from daily activity. 68
Early research about textiles generators was performed with a simple woven structure that can
transfer force or tensile stresses onto piezoelectric yarns. 69 Recently, textile designs, such as
knitted

70

, braided

71

coiled structures

72

and 3D printed fabrics

73

have also been used to

fabricate wearable piezoelectric textiles.
The development of piezoelectric fibers or yarn leads to the development of piezoelectric
textiles. Like most of the polymers, the one-dimensional nature of piezoelectric fibers
providing tailorable mechanical properties and chain alignment, presenting piezoelectric
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properties and a high degree of crystallinity.74 The energy units (fiber/fabric) for smart
garments must be able to cut in different length/shapes to meet versatile integration
requirements. Hence, tailorability is an essential property not only for fiber fabrication to textile
but also for textile being designed into clothes with different sizes and styles. 75 These
considerations have been explored for fiber based triboelectric generators76-79 but less work has
been done in the case of piezoelectric fiber based generators.71, 80, 81
This chapter summarises the basic classifications and working principles of piezoelectric
systems. Recent developments in material selections, fabrication techniques and structural
design are considered for wearable technology. In particular, the recent accomplishments in
the ferroelectric polymer field, with special focus on PVDF polymer and its composites is
discussed along with the potential application and continuing growth in the development of
sustainable power source from wearable technology. A brief collection of the fiber‐based self‐
powered devices are introduced and future directions, challenges, opportunities and guideline
for future development in the area of the fiber based piezoelectric generators are discussed.

1.2 E-Textile Technologies
Computers and smart phones changed our daily life due to transferring enormous amount of
data which connect us to our surroundings. These electronic devices have been developed and
now come in different shapes, having in common that they are portable, collecting data smartly
and bringing communication and computing much closer to the human body. These
fundamental needs have led to a technological convergence growth, most significantly,
mechanical suitability, integrating electronics, and communicative ability, which are now
being extrapolated to the concept of wearable electronics.82, 83 Electronic textiles have been
considered owing to a raise of internet-of-things (IoTs) and wearable electronics.84 Electronic
Textiles (e-textile) are able to perform electronic functions and are perceived as a way to add
6

features into ordinary wearable textiles and building competitive advantages in market. 85, 86
Since a couple of years, wearable electronics (apparatuses worn directly on the skin in different
parts of the body), including shirts, necklaces, shoes, headbands, smart wristbands, watches
and eyeglasses have gained considerable attention, because the data collection both
continuously and noninvasively in real‐time can be easily provided. 87 E- textiles are likely to
be built from a wide range of functional devices that may include displays, sensors,
microprocessors, battery, communication units, etc. In this case these devices may have quite
a different appearance from conventional rigid electronic devices, forming stretchable, flexible,
patchable to the skin, and even body implantable. In terms of these aspects, e‐textiles seem to
be highly appropriate. Textiles benefited from properties including flexibility, light weight,
compressibility, and wearability have been evolved into the research and development which
covering materials science, electronic technologies and mechanical engineering and making etextile technology (Figure 1.1).76 In past various electronic devices such as transistors, displays,
sensors, and batteries should be integrated to the textile which they were bulky, rigid, heavy
and load the users.88 Today these electronic devices have been developed and help users
combining the features of both fashion item and information technology product. 89 Hence,
materials science, functional textiles, and apparel design integrated, to lead the rapid growth of
new types of fibers, fabrics, and garments.90 E-textiles attract attention as the next‐generation
electronics due to their wide range of applications from wearable human‐interactive interfaces,
biomedical/wellness monitors, to consumer electronics and shape‐adaptive military.91 There
were many efforts during the last decades to design and develop a series of e-textiles with the
purpose of being smart and flexible enough to be use in everyday life.92 These efforts offer a
research platform in the area of smart textile and wearable technology. Smart textile becomes
a major segment of e-textiles along with smart clothing and information science which will be
discussed in detail in the following section.
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Figure 1.1 Multidisciplinary environment for e-textiles.

1.2.1 Smart Textile
Textiles have been at the centre of human technological innovation for thousands of years. 93
Previous textiles consider just one of the necessity of human beings and now has developed
out as an innovative area that is able to satisfy human desire to its supreme extent. The textile
which focused on preliminary necessities call as “first generation textile”. 94 Nowadays the term
“Smart Textiles” refers to a broad research fields and products that develop the usefulness and
functionality of common textiles. Smart textiles are defined as textile products such as fibers
filaments and yarns in the form of knitted, woven or non-woven structures, which can interact
with the environment and user.95 In a more clear definition, smart textile are described as
textiles that can sense and react to environmental conditions or exciter, from thermal,
mechanical, chemical, magnetic, electrical, or other sources. 96 These functional properties are
not normally associated with traditional textile. 97 Parallel with technology development the
need for a flexible information framework to facilitate the model of widespread computing,
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and a platform for monitoring the human vital signs in an efficient and cost-effective manner
with a "universal" interface of clothing essentially led to the birth of the smart textiles field.98
In fact smart textiles are at a meeting point between electronics and textiles 99 which has a very
promising realm in science and technology nowadays because of public interest and
marketability.100 Smart textiles have been used in several applications in the healthcare
industry, military, and as wearable electronics.101 Sporting and fashion industries are expected
to contribute more to the smart textile than other industries. 102 Several steps are included in
creating smart textiles: a) fabric production, especially for mass production, b) integration of
power source and electronic part into textiles and c) communication and operating systems. 103
Smart textiles can sense and react to change in their environment. They may be classified into
three categories: passive, active and very smart textiles. 101 The passive smart textiles are the
first generation of smart textiles and only able to sense the environmental stimuli and have been
used in biomedical field, such as sensing of biophonic, electroencephalography,
electrocardiogram and body movement.104 Also shape memory materials, hydrophilic or
hydrophobic textiles, etc. are part of this group.105 Active smart textiles can sense and respond
to stimuli from the environment. These materials use as sensors and actuators. 96 The third
category are very smart textiles that consists of a unit for sensing, reasoning and actuating.
They are able to detect various signals from environment (light intensity, temperature,
pollution, etc.), choose how to respond, and finally to act by using various flexible textile based
actuators (textile displays, micro vibrating devices, OLED, LED, etc.). 100 Totally this type of
textiles sense, react and adapt themselves to the environmental conditions. 95 Corresponding to
the development of wearable applications, the use of smart textiles increased for real‐time
monitoring of bioelectrical signals, where a conductive fiber or fabric can be used as dry
electrode. Currently, most of the commercial smart textiles are advanced based on this type of
sensors.106 Smart textile item consist of: a) sensing part, b) actuating part, c) communication
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unit, d) powering/generating/storing component, e) data analysis element, and f)
interconnects.99 In these fields, smart wearable structures provide some advantage such as
conformability to human body at rest and in motion, comfort in close contact to skin, and
suitability as substrate for smart components.107

1.2.2 Wearable Technology
“Wearable technology” and “wearable devices” are terms that describe computers and
electronics that are integrated into clothing and other accessories that can be worn comfortably
on the body. Over recent years, wearable devices have evolved from bulky, large, and
uncomfortable technologies to more fashionable, lightweight, and portable items.108 The ideal
intention of wearable technologies is to integrate functional portable electronics and computer
seamlessly into people's daily lives. In wearable technology the conductive areas can be
established typically by manually attaching conventional wires or sewing conductive yarns 109,
printing rigid and stretchable conduction lines
conductive ones

111

110

, replacing non-conductive fibers with

and other developed technology. The advancement of conducting fibers

with desired properties is an important step in the application of fibrous materials in wearable
technology. The two most important properties of wearable devices are the breathability and
flexibility that provide the fabric-based comfort properties.112 Embedding microelectronic
devices into wearable products like fibers, yarns or fabrics, has the advantage of utilization of
the existing strength industries, such as textiles and footwear, jewellery, apparel and
electronics.113 Wearable technology with persuasive features of being breathable, flexible,
lightweight,

shape

conformal

and

even

washable

provides

a

novel

way

of

designing functional next-generation wearable electronics.114 A critical component in the area
of wearable technology specifically for future portable and wearable electronics is fiber
electronics which concern electronic devices on textile fibers. Its final applications include the
fields of entertainment, finance, education, music and gaming. However, in the fields of health
10

care, medicine, and fitness wearable technology potentially has its greatest impact.115 Textiles
are the main interfacing mechanisms between the naked body and surrounding environment 116
hence they can collect signals from the human body as inputs and provide sufficient response
for the monitored person through a connected device.117 Wearable technologies can be used to
manage personal healthcare by early detection of health disorders such as sleep monitoring 118,
119

, heart rate

120

, blood pressure

121

and breath volatile organic compound sensors122

to obtain real-time information about performance.123 The real-time generators are required to
achieve long term cycling and efficient electrical output to support continuous operation in
environmental monitoring, defence, and healthcare biomedical device applications. 124 The
reason of the measuring real time data refer to users’ desire to quantify their ability in collecting
more information which advances in sensors provide deeper measuring capability. Users learn
more about themselves, thus changing in lifestyle can be under their control.89 Wearable
textiles in sportswear could help to enhance athletic personal comfort, performance and
protection. They also provide useful information on the athletes’ physical abilities, training
status, and responses to exercise.26 it has been proved that the highest production of
biomechanical power is formed in the lower limb, at the ankle during the foot-strike.125 Power
consumption, Power source, and energy efficiency are important factors which should be
considered in the selection and design of wearable technologies. Wearable sensors have to be
extremely power efficient, because frequent battery changes for multiple wearable sensors
would likely prevent users' acceptance and increase the final cost. 126 All of the wearable etextiles have battery demands that must be fulfilled either by detachable or by thin, flat, and
flexible batteries that are able to endure washing, drying, ironing, and dry cleaning. 85 To power
wearable electronics, commercial rechargeable batteries have been widely used, which require
periodic recharging due to their limitation in energy storage capacity. However,
repeated battery charging interrupts the continuous monitoring since the devices typically have
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to be taken off through recharging.127 Apart from the danger of explosion and possible leakage
of electrolyte solution, batteries may cause severe potential accidents to both human body and
ambient environment. Therefore, harvesting energy from body movement and ambient
environment which can extend batteries life or replace them is an extremely desirable to work
with wearable devices always and everywhere. 5 Since body movement is an infinite and
chargeless energy source, and clothes are an essential requirement in daily life, textile based
generator will become an extremely attractive topic for harvesting body movement energy
which is being less affected by the ambient environment. 2 The human body joint points are in
a continuous state of motion in a fixed axis which provide an input mechanical source to harvest
this motion energy.128 The criteria for wearable electronic devices are that they must be
invisible and comfortable; provide reasonable long reactivity lifetime with proper power
output and low-cost fabrication process.81

Figure 1.2 Schematic illustration and application demonstration of fiber based piezoelectric generators for and
wearable energy harvesters. 4, 20, 68, 129-137
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Depending on the body motion or signal that require to be harvest or sense, the selection of
material is very important in corporation of wearable and flexible electronics. Future
predictions for materials selection shows that the materials available in nature for wearable
electrodes will get a higher market share, followed by the composites made from
natural/synthetic sources.102 Hence piezoelectric materials is proving to be one of the right
choice for energy harvesting from body movements.28 Since the most specific feature of the
mechanical movement of the human body is its low frequency nature and the large
displacements associated with it 138, the harvester should be highly, soft and comfortable. Many
flexible energy harvesters have been reported using various conversion basis, including
piezoelectric

34

, electrostatic

139

, and triboelectric

140

mechanisms. The piezoelectric

mechanism is superior to the other conversion mechanisms due to its high energy density and
adaptable across a wide range of dimensions.135 Piezoelectric textiles have been recommended
for use in wearable devices due to their stable energy conversion properties, stable mechanical
properties and high sensitivities.141 Power generation could be attained through piezoelectric
elements that generate energy from various sources of motion or vibration. 95 Wearable
piezoelectric

generators

can

be

used

for

generating

power

from

different

human activation including finger, knee or elbow bending and foot stepping to power up
portable and wearable electronic device.132 Figure 1.2 demonstrate diverse applications of
textile-based piezo generators on human body.

1.3 Piezoelectric Generators
A variety of ambient energy sources such as thermal, solar, acoustic energy, acoustic noise and
vibration have been studied as an additional energy provider for the recent years. Among them,
thermoelectric generators, vibration/kinetic driven power generator, and solar cells are more
widely studied because of their ubiquity, high efficiency, and potentials to miniaturization. 142,

13

143

Based on material, structure formation, and working mechanisms, generators can be in three

main groups of pyroelectric, triboelectric and piezoelectric.2 Pyroelectric generators can
convert periodically convert thermal energy variation into electricity. However, thermal energy
is hard to control, cannot be used for medical implant, and the conversion efficiency is lower
comparing with vibration and solar energy sources.13 Triboelectric
145

144

and piezoelectric

generators enable to efficiently convert mechanical energy to electricity.146 Recently

triboelectric generators have been used to harvest mechanical energy from friction, vibration
and even acoustic waves.68 With similar device size, piezoelectric generators can generate
more electric charge than their triboelectric counterparts, so are more suitable to make wearable
devices.147 The literature review provides that the environmental mechanical energy density
can reach 1–10 mWcm-2, which has the second place after solar energy (10–100 mWcm2 148

).

Piezoelectric

generators transform

mechanical

energy to

electricity through

deformation of piezoelectric material sandwiched between two electrodes, which induces a
piezoelectric potential.149 This feature enables piezoelectric electronics to be easily
miniaturized and made/integrated into complex shapes/structures. 150 Whereas human body is a
mechanical energy source and also user of wearable electronics, providing self-dependent way
for energy utilization is in high demand.2 Piezoelectric generators attracted researchers and
engineers attention in the area of wearable electronics, with nearly 5000 publications in the last
decade.150 Numerous approaches have been used to fabricate piezoelectric generators, such as
spinning, coating, printing, and depositing (Figure 1.3). Film forming technique such as
coating, blading, casting and painting are simple and useful technique but their ability may be
limited by the dimension, structure, or surface aspect of part.151 Printing technology provides
a favourable solution for mass production and fabrication of less complex shapes. This
technique is a high efficiency method to reduce material consumption and final cost. 152
Spinning process such as wet spinning 153, melt spinning 71, dry spinning 154, gel spinning 155,
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and electrospinning 156 is the common method for fabricating flexible piezoelectric generator
with the ability for mass production.

Figure 1.3 Common fabrication methods of piezoelectric generators: a) Schematic representation of the nanofiber
stretchable piezoelectric nanogenerators with a stacked nanofiber mat and graphite electrodes. 19 b) A schematic
illustration of wearable applications using the flexible PZT energy harvester.127 c) Schematic illustrations for
preparation of PEDOT@PVDF nanofiber woven fabric.157 d) Solvent evaporation-assisted 3D printing process
for PVDF nanocomposite-based 3D structures.62

1.3.1 Principle of Piezoelectricity
Piezoelectricity come from the Greek word of piezein which means press (squeeze).158 The
Curie brothers was first discovered the piezoelectric effect in 1880.158 It is expected that more
than 30% of the material available in the world have piezoelectricity effect. Despite a wide
variety of materials show this property, just a few of them have found practical applications. 159
The term 'piezoelectricity' is used to explain dielectric materials that generate electrical charges
across their boundaries due to the mechanical stress application, which is known as the direct
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piezoelectric effect (Figure 1.4). The direct piezoelectric effect can be implemented for energy
harvesting. The charge generated at each surface of materials due to the polarised aligned
dipoles and domains. Ions and electrons as free charges flow through surface charge of the
material.160 In the converse (or indirect) piezoelectric effect, a mechanical strain happens when
the material is subjected to an electrical field.161 The converse piezoelectric effect is more
applicable to acoustic emitter, vibration damping and actuator applications. In piezoelectric
materials, the relationship between the applied stress and induced charges per unit area is linear
and reversible.161 There is an accurate definition of piezoelectricity based on crystallography
and ions distribution within an single unit cell. The common case is when there is no applied
pressure the centres of the negative and positive charges are non-centrosymmetric within the
unit cell planes.162

Figure 1.4 Schematic of (a) direct and (b) converse piezoelectric effects.

Among the 32 crystallographic point groups, 11 groups are centrosymmetric and include an
inverse centre. In this case, polar properties in a material are impossible since an existing
symmetry transformation inverted each polar vector. All other remaining 21 noncentrosymmetric point groups (without an inversion centre) exhibit piezoelectric properties.163
In fact, the piezoelectric effect comes from inadequate symmetry in the ions distributions of
crystalline materials.160 Many researches have been conducted on harvesting energy from
piezoelectric materials along with the closely related sub-classes of pyroelectrics and
ferroelectrics.3,

164

Figure 1.5 shows the relationships between ferroelectrics, pyroelectric,
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piezoelectric and dielectrics materials. Whereas these properties are available in the same
material, it provides the material fascinating prospect for harvesting energy from various
sources such as vibration, light and thermal variations.165

Figure 1.5 Dielectric, piezoelectric, pyroelectric and ferroelectric material relationships.

1.3.1.1 Piezoelectric Constitutive Equations
The piezoelectric constitutive equations can be given in the following for the relationship
between the strain x, electric displacement D, electric field E and stress 𝑋:
𝑥 = 𝑠 𝐸 𝑋 + 𝑑𝐸

(1.1)

𝐷 = 𝑑𝑋 + 𝜀0 𝜀 𝑋 𝐸

(1.2)

Where sE and 𝜀 𝑋 are the elastic compliance (under constant E) and relative permittivity (under
constant 𝑋), 𝑑 is the piezoelectric constant, and 𝜀0 is the vacuum permittivity. Note that the
converse piezoelectric effect (Equation 1.1) and the direct piezoelectric effect (Equation 1.2)
have the same piezoelectric constant.166 The piezoelectric constitutive equations assume that
the transducer strain is the sum of mechanical strain induced by the mechanical stress and the
controllable actuation strain caused by the applied electric voltage. 167
1.3.1.2 Piezoelectric Figures of Merit
A variety of performance measurements have been used to compare piezoelectric materials on
various applications. The piezoelectric strain constant and piezoelectric voltage constant are
proper criterion for actuating and sensing application. The cost, voltage output, power density
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and operational bandwidth are variables for energy harvesting application to be compared. 168
Among them, energy conversion efficiency is the most important factor to design piezoelectric
energy harvesters for actual applications.169 The output electrical energy generated from the
piezoelectric material depends on (i) the magnitude of applied mechanical energy, (ii) the
energy conversion efficiency (mechanical to electrical energy) and (iii) the stored electrical
energy productivity into usable, or output, electrical energy. 170 Various figure of merits have
been generated for assessing the energy conversion efficiency of piezoelectric materials.

Figure 1.6 Direction index of electromechanical constants in poled piezoelectric materials.

Piezoelectrics have five significant figures of merit: (1) the piezoelectric voltage constant g,
(2) the piezoelectric strain constant d, (3) the mechanical quality factor Qm, (4) the
electromechanical coupling factor k, and (5) the acoustic impedance Z. These figures of merit
are presented in Table 1.1.171 Obviously for energy harvesting applications the figures of merit
revealed that high piezoelectric activity is needed for maximum piezoelectric coefficients (such
as d33 and d31).
Figure 1.6 presents the direction indexes of piezoelectric constants in rectangular
crystallographic system. The principal properties along X, Y and Z axes are described using 1,
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2 and 3 notations, respectively. The shear constants are represented by 4, 5 and 6, respectively.
The 33-mode refers to the application of stress in the direction of polarisation, which other
modes utilising for energy harvesting.172 In fact a superscript index on the electromechanical
constant define the constant condition under conducted measurements. 173
Table 1.1 Figures of merit in piezoelectric materials
Piezoelectric
Symbol

Description

Equation

constant
The magnitude of the induced
Piezoelectric strain
constant

𝑥 = 𝑑𝐸

d
strain x by an external electric field E
The induced electric field E is related

Piezoelectric voltage
constant

g

𝐸 = 𝑔𝑋

to an external stress X through the
piezoelectric voltage constant g

A measure of the interchange of
Electromechanical
coupling factor

k

Mechanical quality
Factor

𝑄𝑚

electrical & mechanical energy

𝑘2
=

𝑠𝑡𝑜𝑟𝑒𝑑 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦
𝑖𝑛𝑝𝑢𝑡 𝑚𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦

Characterize the sharpness of the
𝑄𝑚 =
electromechanical resonance spectrum

𝜔0
⁄2∆𝜔

Acoustic energy transfer between two
Acoustic impedance

𝑧 = √𝜌𝑐

Z
materials

1.3.1.3 Measuring and Enhancing Piezoelectric Coefficient (d33)
The d33 coefficient is defined as the charge produced for an applied stress, or the strain for an
applied voltage, and these are theoretically equivalent. Measurement of the d 33 coefficient can
be realised in several ways varying in accuracy and simplicity. 174 A number of alternative static
and quasistatic techniques had been reported to measure d33.
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These methods can be divided into two categories. One is to monitor the induced charge by
applying a controllable external mechanical stress to the piezoelectric structure through the
direct piezoelectric effect; the other is to measure the displacement in response to an applied
voltage via the converse piezoelectric effort.175 The d33 piezoelectric constant is approximately
twice that of d31, so higher performance is expected from a device operating in d33 mode such
as pressure sensors.176 The d33 value can be measured by P-E loop obtained from PFM test or
directly measure by d33 meter. The electrical energy produced by the piezoelectric generator is
proportional to its piezoelectric constant.177
PVDF and P(VDF‐TrFE)s exhibit the strongest piezoelectric responses (d33 ≈ −30 pC N−1)
among the polymer materials.178 There is a higher d33 value of nanofibrous PVDF film due to
the improvement in β-phase content of the PVDF polymeric material. Also the annealing
treatment

on

nanofibrous

film

PVDF

has

exhibited

high

d33

piezoelectric

coefficient.179 The d33 profile along the diameter direction has the higher values at the edge of
the PVDF nanofibers.180 Controlling relative humidity and voltage polarity increased the
d33 piezoelectric coefficient for PVDF fibers by more than three times and allowed us to
generate a power density of 0.6 μW cm–2 from PVDF membranes.181 The piezoelectric
coefficient (d33) is found to increase from 10 to 35 pC N-1 with an increase in the volume
fraction for 70 vol% of the micron-sized K 0.5Na0.5NbO3 (KNN) crystallites in PVDF matrix.182

1.3.2 Piezoelectric Materials
Piezoelectric materials have received great interest in energy harvesting technology due to their
unique ability to take advantage the ambient vibrations energy conversion to electric
potential.183 The specific energy transduction of piezoelectric materials enables their
applications in the area of energy harvesting, sensors, actuators, structural health monitoring,
and use in health care devices.184
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Piezoelectric materials can be categories in three groups: piezoelectric polymers,
piezoelectric ceramics, and piezoelectric composites.185 Depend on the desired vibration
amplitude and frequency, the piezoelectric materials can be in the form of polycrystalline
ceramics, textured ceramics, polymers or thin films. 186 There are diverse piezoelectric ceramic
forms, including nanowires, bulk, and nanofibers. The bulk form of piezoelectric ceramics has
excellent characteristics but no flexibility, limit its use in wearable devices. On the other side,
nanowires have good flexibility without mass production capability. 187 In 1950s, the discovery
of the barium titanate (BT) and lead zirconate titanate (PZT) and the family of these
piezoelectric materials, is viewed as a major development in the field of sensors. 188
PZT is the common ceramic based piezoelectric material. Since it contains 60% lead which is
harmful for surrounding environment and human being makes the use of this material
problematic. The toxicity of these ceramic material is only further enhanced due to the
volatilization at high temperatures during calcination and sintering. The high densities of these
materials lead to large characteristic acoustic impedances, necessitating the usage of matching
layers. The large relative permittivity of these materials facilitates electrical tuning and reduce
their piezoelectric voltage coefficients. The large mechanical quality factor requires the
addition of damping layers to optimise resonant to an acceptable level. 188 The solution of this
problem is using lead free ceramic based piezoelectric materials like BT, potassium sodium
niobate (KNaNbO3) and potassium niobate (KNbO3).

64

Nevertheless, piezoelectric ceramics

have intrinsic limitations like lower piezoelectric voltage constant and brittleness as compared
to piezoelectric polymer.189 In the field of piezoelectric ceramics, PZT and associated
materials, which exhibits piezoelectric response and high dielectric constant are most widely
used. However, the application of these piezoelectric ceramics restricted owing to leadcontaining, hardness, high thermal conductivity, fragility and relatively high cost. Barium
Titanate as inorganic filler due to its ease in handling and environmentally friendly nature
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is preferable than lead-free material. However, poor flexibility of BT limits its applications for
large scale fabrication. To overcome these issues, piezoelectric polymers are a good alternative
to piezo ceramics. Piezoelectric polymers have the advantage of flexibility, easy fabrication
process and comparatively low-priced. Therefore, fabrication of flexible sensors, fabric sensor
and fiber based generators facilitate by piezoelectric polymers. 190
To improve performance, the polymer/ceramic composite has been developed as a substitute
material that has the properties of both materials to provide a new material with a tailored
performance as either actuating or sensing. Choosing the proper ceramic fillers is important to
improve the mechanical or dielectric properties of the polymer composite. 191 Hence,
polymer/ceramic composites have been investigated as candidate dielectric materials.
Recently, PVDF/BT nanocomposites are highly attractive to energy harvesting and sensor
applications due to their simple and accessible fabrication methods, low cost, and ideal
piezoelectric properties.172
1.3.2.1 Piezoelectric Polymer
PVDF as a most favourable piezoelectric polymer has been highlighted in material science
research due to the discovery of the piezoelectric effect in PVDF films by Kawai in 1969.190
PVDF is a thermoplastic semi-crystalline polymer that has been extensively considered for its
piezoelectric properties, moderately good chemical resistance, strength and thermal
resistance.192, 193 PVDF and its copolymers such as, poly(vinylidene fluoride-co-chlorotrifluoro
ethylene, poly(vinylidene fluoride-co-trifluoroethylene), and poly(vinylidene fluoride-cotrifluoroethylene-co-chlorotrifluoro ethylene)194 are known to have very stable and large
piezoelectric, ferroelectric, and pyroelectric properties among polymers. Also, it has high
resistivity against cleaning agents, skin products, and sweat.195 The PVDF homopolymer
contains 59.4 wt% fluorine, 3 wt% hydrogen. The existence of fluorine atoms with a large van
der Waals radius and electronegativity in the polymer chain [–CH2–CF2–] leads to a dipole
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moment perpendicular to the monomer chain. 160 The piezoelectric properties of PVDF derive
from the larger difference in electronegativity between carbon and fluorine atoms than between
carbon and hydrogen atoms. Among a larger polymer structure, depend on the crystal
geometry, the dipole moments may sum to provide a net electric dipole moment. 196 PVDF
includes at least four different crystalline phases, having the non-polar α phase and polar β, δ
and γ phases.
The PVDF β phase has the highest polarizability of the polar phases, but it is not appropriate
for high energy storage due to ferroelectric switching and dissipating a large amount of energy
during the charge-discharge process.197 Different chain conformations leads to formation
different phases: trans planar zigzag (TTT) for the β-phase, T3GT3G′ for γ and ɛ phases and
TGTG′ (trans-gauche–trans-gauche) for the α and δ phases.198 In particular, the β phase
has intrinsic spontaneous polarization in compare with the ɛ and γ phases, which gives PVDF
piezoelectricity and ferroelectricity.199 Although PVDF polymer is recommended for
piezoelectric applications, it has some inherent limitations including lower dielectric constant
and piezoelectric charge constant (d33). The piezoelectric properties of the PVDF polymer rely
on the aggregate of β phase formation.200
1.3.2.1.1 Enhancing Method to Increase β-phase Formation of PVDF
Over the last years, many researchers have focused on controlling the morphology and
performance enhancement of PVDF relating to its piezoelectricity. Therefore, many interesting
information

concerning

the

relationship

between PVDF

morphology

and

fabrication conditions have been presented.201 The PVDF piezoelectric properties depend upon
the aggregate of β phase formation. Therefore, the β phase formation of PVDF is one of the
most vital parameters for piezoelectric property, which is generally happen by subsequent
stretching and high voltage poling process (Figure 1.7).202 Poling process reoriented the dipole
moments and leads to enhance the power generation capability. Prior to poling, for the same
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length of chain, the dipole moment of the stretched chain was much lower than the dipole
moment of a β-PVDF chain. When an electric field was applied to the stretched chain (over
50 MV/cm) perpendicularly, a rotation of -CF2 and -CH2 around the chain axis in the reverse
directions is expected. When the electric field is over 100 MV/cm, the direction shift from αphase to β-phase can be predicted.203
The techniques that include stretching, such as electrospinning, can cause higher β phase than
α phase. Due to the strong elongation flow in the jet, PVDF dipole chains align to the applied
stress direction and consequently phase transformations happen by polymer chains
orientation.204 During manufacturing process of melt spun fiber, the PVDF is stretched and
the polymer is mainly present in the β phase.205 Also in the electrospinning process the β-phase
content increased by optimizing the electrospinning process and decreasing the fiber
diameter.206-209 Temperature has a significant role in the PVDF crystallization procedure.
Drawing at low temperature does not provide proper β phase formation and piezoelectric
properties due to the random orientation.210
The highest β phase content was achieved for the annealed PVDF film at 90 °C.211 Thermal
processing had a direct effect on modifying the crystalline microstructure and also confirmed
that heat stretching and annealing could increase the degree of crystallinity and β-phase
crystalline for PVDF wet spun fibers.212 The β-phase crystallization at a high cooling rate is
still controversial, but this important finding means that the crystallization mechanisms of
PVDF into the β-phase could be controlled from the melt state with the cooling rate. 213 It is
observed that the melt-quenching process assists the β-phase crystallization in the PVDF film
(51%) and thereby enhances the domain switching behaviour, ferroelectric and dielectric
properties.214 The β-phase crystalline content in the bicomponent fibers of PVDF/PU remained
unchanged after the hydrothermal treatment.215 Current research has considered nanofillers
addition such as metal nanoparticles, carbon nanotube, nanoclay, graphene, zinc oxide, barium
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titanate into PVDF for the β- phase formation enhancement.216 Filler addition disrupts the
polymer molecular chain, which leads to the higher piezoelectric response by enhancement of
the β- phase crystallinity.
The piezoelectric response of the polymer nanocomposite increase while, ceramic based
materials with high piezoelectric coefficients, like barium titanate have been incorporated into
the PVDF matrix.217 The degree of crystallinity of the PVDF/PEO films exhibits non-linear
increase, with increasing amount of PEO in the films. 218 The -OH groups on cellulose as a
requirement for β-phase evolution in PVDF.219 The incorporation of functional fillers such
as carbon-based materials into the

PVDF matrix can induce the PVDF electroactive

crystalline phase by interfacial interaction, and also enhance the dielectric constant of the
composites based on the percolation theory.220
PVDF composites with graphene oxide (GO) or reduced graphene oxide (RGO) using spin
coating and annealing were found to crystallize the PVDF in ferroelectric phase. The existence
of hydrogen bonding and/or electrostatic interaction between the oxygen functionalities of
RGO (or GO) and PVDF causes to the nucleation of ferroelectric β or γ phase. 221 Dielectric
constant increased by four times and piezoelectric coefficient also increased twice by the
addition of RGO in the PVDF films.
The phase transition from α to β will contribute to an increase in overall dielectric constant
upon addition of RGO.222 Addition of GO/rGO can promote the ß-phase formation in PVDF
matrix by successful interaction between -C

O group of GO/rGO and the –CF2 or

−CH2 group of PVDF. GO and rGO possess large specific surface areas and carrier mobility
coupled with abundant defects and several functional groups (−OH, -C
groups).
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Figure 1.7 Schematic representations of ways for β phase enhancement in PVDF-based polymers.

The presence of these defects and abundant surface functional groups in/on GO and rGO plays
a significant role in improving the dipole polarisation and dielectric properties of constituent
composites.223 In fact, the π-electrons which are mobile in RGO attracts CH2 dipoles of PVDF
and helps in aligning the β-phase of PVDF. Also addition of RGO helps in providing a
conducting path for the charges induced inside the film to move to the surface and further allow
the dipoles of PVDF to align which leads to enhanced piezo response. 224 In PVDF/CNT
composites the enhancement and stabilization of pure β phase is possible with the CNTs proper
modification.225
The β-phase content increased by designing core-shell structure using inorganic BaTiO3
nanoparticles as the core and PVDF doped with grapheme oxide nano sheets as the shell.226Also
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the β-phase content improved by doping Ag nanowires in the PVDF fibers through electrostatic
interaction between surface charges of the nanowires and dipoles of the PVDF chains. 227 The
pressure-quenching process could provide an ideal crystallization condition to obtain β
extended chain crystals without causing undesired autonomous PVDF thermal degradation.228
Incorporation of various nanofillers into PVDF matrix resulting variation in piezoelectric
responses due to different percentages of the β-phase. However, the β-phase formation is not
the only effective parameter in the piezoelectric response. The interconnectivity and the
arrangement of the neighbouring dipoles are also effective in the piezoelectric response. 217
1.3.2.2 Piezoelectric Ceramic
Piezo

ceramics

have

the

best

piezoelectric

performance;

nevertheless,

inherent brittleness restricts their application in the flexible devices.

their

Among different

ceramics, barium titanate (BaTiO3), lead zirconium titanate (PZT), bismuth strontium titanate
(BiSrTiO3), strontium titanate (SrTiO3), calcium titanate (CaTiO3), PZT possesses highest
dielectric and ferroelectric properties. Recently most concern is about the lead toxicity in PZT
containing devices which are harmful for human health and environment. 59
To solve this problem lead free BT is considered due to the most environmentally friendly and
providing high piezoelectric and ferroelectric properties along with a high dielectric
constant.229
Barium titanate with the general formula ABO3 called perovskites, is a primitive cubic, with
larger cation-A in the corner, smaller cation-B in the middle and the anion, commonly oxygen,
in the centre of the face edges.230 BT as a perovskite crystal at temperatures lower than the
Curie temperature placed in a strong DC electric field the crystal undergoes a ferroelectric
transition from cubic to tetragonal phase (Figure 1.8) and becomes spontaneously polarized
due to the unidirectional intermittent displacement of Ti 4+ ions to neighbouring O2− ions.231
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Barium titanate can be prepared by various methods based on the desired properties. 232 Bulk
BT is fragile and therefore cannot be instantly used as mechanical energy harvesting
materials.233, 234 In order to improve the piezoelectric properties of lead-free nanomaterials,
many research groups have performed single crystal growth, defect control and agglomeration
prevention, which have offered reliable dielectric, piezoelectric and elastic properties,
respectively.235 Many researches have confirmed that the ceramics grain size plays an
important role in its piezoelectric performance. The grain size of BT ceramics has an important
effect on d33.236 It was revealed that the BT dielectric constant increased with the decrease of
the average grain size firstly, reached the maximum in the particle size range of 0.8–1.1 µm,

Figure 1.8 Unit cell change of a BaTiO3 crystal during spontaneous polarization

and then decreased rapidly as the grain size decreased in further. 237,

238

Nowadays, the

piezoelectric performance at low mechanical impact was enhanced through the composite
materials which are formed by the integration of organic polymer and inorganic material.
Furthermore, the use of composite materials to fabricate piezoelectric generators devices
provides several benefits including high flexibility, ease process, low internal leakage current,
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low cost ability to sustain/harvest large mechanical forces, mass production and higher
electrical output in compare with conventional piezoelectric generators. 239
By incorporated one-dimensional BT nanowire to the nanocomposite generator film can reach
both performance enhancement and homogeneous distribution of piezoelectric materials and
also prevent the aggregation of piezoelectric nanoparticles.240 The effect of BT on the electrical
properties of polymer composites has attracted more attentions. It is shown that BT could
increase the resistance of composites up to 186 kΩ. 241 The paraelectric BT nanoparticles
modified the Young’s modulus, piezoelectric coefficient, and dielectric constant of the
composite.242 The dispersion of BT nanoparticles in the PVDF matrix was greatly improved
owing to the changing the BT nanoparticles by air plasma and enhance phase formation to
80%.243 Low temperature plasma alter the BT nanoparticles surface in order to improve the
interfacial compatibility between ferroelectric PVDF and BT nanoparticles. This modification
demonstrated a lower dielectric loss and higher dielectric constant. 243 Table 1.2 compared
physical and piezoelectric properties of PVDF and BaTiO3 as piezoelectric polymer and
ceramic.
Table 1.2 Physical and piezoelectric properties of PVDF and BaTiO3 at room temperature.

Materials

d33
(pC/V)
189

PVDF

30

BaTiO3

190 247

εr

g33
−3
(10 Vm/N)

Curie
Temperature
(°C)

Density
(g/cm3)

9.2 244

339245

80246

1.78

1200245

14.1245

116248

6.02

dielectric constant

1.3.3 Piezoelectric Textile
1.3.3.1 Charge Generation Mechanism
The applied pressure on clothes has been classified into the two groups: vertical pressure
(clothing weight) and horizontal pressure (surface and contact pressure). Horizontal pressure
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caused by body pressure during clothing wear is crucial factor for evaluating restriction of
wearer mobility. Stretchy parts in garment such as knee, elbow and back area are considered
mostly for energy harvesting applications.249 The applied strain and piezoelectric constant are
two important considerations in output power generation. In comparison with bulk ceramics,
PVDF has lower piezoelectric constant and can generate higher output power if external force
applies induce stress in the PVDF. The finite element modelling and use of theory of curved
piezoelectric generators have been used to analyse the applied stress and performance of the
piezoelectric generators.250-252 The simulation results indicate that the output voltage increase
linearly as the result of bending velocity increase. The generator output current has the same
trend as the output voltage. By increasing the external load, the output current decreases but
the output voltage follows an opposite trend.253

Figure 1.9 Schematic illustration of piezoelectric charge generation process for textile base generators: i) The
dipole get align in the direction of the applied electric field after poling process, ii) The piezoelectric potential is
generated by applying compressive force, iii) maximized press state with highest polarization density, iv)
Electrons flow back along the opposite direction as the compressive force is released.

The ferroelectric domains tend to align along the direction of applied electrical field when
subject to a strong electrical field, as shown in Figure 1.9(i). While there is no external force
on the device, the device has no output electric signal due to electrical equilibrium within the
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device.254 When force is applied on the piezo fabric surface, its volume decreases and negative
strain is produced. The piezo potential between the electrodes formed as a result of the charge
centres separation and forming electrical dipoles. During pressing process, piezo potential force
electrons to move toward external circuit and consequently reach a new equilibrium state
(Figure 1.9ii). As a result, electricity is generated from mechanical energy. The maximum
pressure on the surface leads to full contact between electrodes and active area which provide
highest polarization density (Figure 1.9iii). By releasing external force, electrons flow back to
the equivalence charge state in the short‐circuit condition (Figure 1.9iv).2
The piezoelectric coefficient (d3i) as the ratio of the open circuit charge density to the applied
stress is used to measure the material piezoelectric performance. Typically, the d33 coefficient
is higher than the d31 coefficient.255
While the piezoelectric energy harvesting device is subjected to compressive stress by external
force, the PVDF and substrate are subjected to tensile stresses and generate electric potential
(Figure 1.10a).253 As an example curve theory of piezoelectric material Figure 1.10b showed a
woven textile structure with warp and weft yarns that crossing over. The weft yarns that cross
the warp yarns in an orthogonal direction are produced from PVDF film and metal
electrodes.256 According to Figure 1.10a the following Equation (1.3) is used to calculate the
output voltage (𝑣 ) in mode d31, where t is the thickness of the piezoelectric material, 𝑔31is
voltage coefficient and 𝜎 is stress.
𝑉31 = 𝜎𝑋𝑋 .𝑔31 . 𝑡

(1.3)

Also, the electrical charge can be estimated from the curved piezoelectric generator using
electrical displacement and mechanical strain. The surface charge of the piezoelectric material,
q, can be calculated from the integral of electrical displacement over the electrodes effective
surface area (Figure 1.10b) 257:
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Figure 1.10 a) Curved piezoelectric generator with the d31 mode.253 b) The cross-sectional view of the woven
structure of PVDF film and the operating principle.256

𝐴

𝑞 = ∫0 𝐷3 . 𝑑𝐴

(1.4)

The surface charge is defined as a function of the strain induced in the system. Thus, the electric
charge depends on the strain induced in the device.253 Based on Equation 1.4 the electric charge
per unit area affected by the strain, if the strain is increased through the garment design, an
increase in the value of Q can be expected. For a harmonic excitation, the current (I) is:
𝐼=

𝑑𝑄
𝑑𝑡

→ 𝑄 = ∫ 𝐼𝑑𝑡

(1.5)

The garment design plays a significant role in increasing the efficiency of piezoelectric energy
harvesters. Garment optimal design adjust the desire mechanical deformation to support
performance of piezoelectric generator. In fact by increasing garment elastic activity the
piezoelectric energy harvester has better performance.137
1.3.3.2 Performance Enhancement of Piezoelectric Textiles
The various attempts to generate piezoelectric textile energy generators follow the same
principles as for other piezoelectric systems and are summarised in Figure 1.11.
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Figure 1.11 Schematic of diverse enhancing methods for fiber based piezoelectric generators performance
Inorganic fillers in the composite structure presents lots of probable methods to enhance
performance of nanocomposites, including modulating the content, size and morphology of the
nanofillers. But the effect of nanofillers in piezoelectric performance and the best fabrication
design of nanocomposite fiber for piezoelectric generators are still outstanding issues. 258
Selection of conductive materials with the best electrical output, ideal mechanical
characteristics and long-term environmental quality is an important consideration about textile
based generators.2 the PVDF and conductive fillers (carbon black 259, carbon nanotube (CNT)
260

, and graphene nanoplate 261) combination can obtain the dielectric properties enhancement

with reduce fillers consuming.

1.4 Wearable Piezoelectric Generators
1.4.1 Wearable Piezoelectric Generators based on Piezoelectric Polymers
Fiber based piezoelectric generators with the ease of integration into the garments can directly
convert mechanical energy into electrical signals. The surface charges can be transferred and
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collected by harvesting interface circuit. In the single fiber structure in order to collect the
charge from the piezoelectric part electrodes should be in coaxial or core-shell structures. To
achieve this approach conductive materials as electrodes need to be coated

262

or wrapped 263

around active piezoelectric part.

Figure 1.12 Comparison difference types of fiber-base piezoelectric polymer: a) A cylinder shaped of
piezoelectric P(VDF-TrFE) fibre with CPC/indium as electrodes and poly(carbonate) (PC) as protective layer. 264
b) A flexible piezoelectric fiber from electrospun PVDF-TrFE web.263 c) SEM image of the PVDF nanofiber
membrane and the PVDF/rGO electrode.265 d) Conceptual illustration of design of piezofilm yarn sensor.266 e)
SEM image of the cross-section of a single PVDF filament with conductive core electrod.4 f) A triaxial braid
structure from melt-spun PVDF filament and conductive yarn.71

By simple rolling and coating method a four stage process piezoelectric fiber was made,
electrospun mats were prepared from PVDF–TrFE manually wrapped around a silver coated
piezoelectric polymer solution can be coated on conductive substrate such as metal deposited
polymer fibers and metal wires but issues such as the poor adhesion between polymer and
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electrodes need to be resolved.267 nylon multifilament yarn that acted as the inner electrode and
the wrapped carbon nanotube sheets were outer.
The fabrication of fiber generators were finalised by dip coating in an eleastometric layer which
was mechanically protective and electrically insulator. 268 Although this structure demonstrate
good mechanical and piezoelectric performance but still have slidable connection between the
electrodes and the electrospun mat leads to contact instability and increased wearing, thereby
negatively affecting the output stability and durability of the devices.269 Also multiple
processing steps for the production is time and cost consuming. Another improved method
towards achieving a high-performance fiber in a one-step continuous method is a core shell
structure which conductive material as an electrode in core and shell fabricated the same time
of piezo part fabrication. Piezoelectric generator presented in a three-layered structure which
consist of PVDF electrospun web sandwiched between two membranes layer of PVDF/rGO
through a continuous process.265
In this technique there is a robust adhesion between the electrodes and the PVDF nanofiber
that provide more polarization possibilities. Electrospinning method is not appropriate for mass
production and electrospun fibers cannot be used in conventional textile industry machine to
fabricate wearable textile. To solve this problem melt spinning technique with the advantage
of mass production, high forming quality and on time forming has been widely used. 81 The
bicomponent fibres produced with PVDF as core sheath and carbon black/polyethylene as core
which are fed through two separate extruders during spinning process. Silver paste on the yarn
surface consider as outer electrode.4
Since the assembly process has a key role in performance enhancement of the piezoelectric
devices, a major aim of the present study was to explore textile processing methods for making
such devices. As described in more detail in Chapter three, we have produced a triaxial melt
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spun PVDF fiber has been developed with flexible yarn as electrodes. First, the as-spun PVDF
filaments were braided around silver coated nylon yarn as inner electrodes and then the whole
structure was covered with braided silver coated nylon fibers as outer electrodes. The
developed fiber improved mechanical (i.e. flexibility, comfort and durability) and piezoelectric
(i.e. power output and sensitivity) properties.71
All-fiber piezoelectric energy harvesting devices, encapsulated by a protective layer to increase
their durability and wearable facility. Moreover, this technique has attracted significant
attention of researchers due to great feasibility of light weight design and also try to use all
fiber base generators for the wearable technology.270 Figure 1.12 represent all fiber based
piezoelectric generator without using metal wires or foil as electrodes. Fiber-based energy
generators have been developed in fabrics form particularly. The piezoelectric performance of
the single fiber generators owing to the number and active area limitation are relatively low.
One approach to overcome this problem is integration piezoelectric fibers into fabrics by using
diverse textile fabrication technique including knitting, braiding, and weaving (Figure 1.13).
Since wearable energy harvesting devices need to provide right feel and comfort to the wearer,
so the best design of the device is integration in the textile as part even whole of the cloth.
Therefore, textile-fiber structures would provide perfect building elements for a smart garment,
as they could be naturally integrated into fabrics during the fabrication process without
affecting flexibility, comfort and air permeability .20 The soft and flexible fiber-based
generators can be designed for the high fatigue resistance under numerous deformation
cycles.271 Fabric generators should be stretchable same as bending ability to certify a fitting,
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Figure 1.13 Comparison of different types of wearable fabric-base piezoelectric polymer: a) fibers woven into a
textile from core-shell structure of PVDF filament.272 b) a 3D piezoelectric fabric from PVDF filament in the knit
structure.81 c) woven flexible textile structure from elastic tubes and piezoelectric film bands with electrods on
both sides.273 d) PVDF/AlO‐rGO flexible nanocomposite.274 e) A woven piezoelectric fabric from twisted yarns
of electrospun PVDF-TrFE.275 f) A 3D interlock woven structure established from PVDF and conductive fibers.70
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the recovery of energy. High strain elasticity of stretch fabrics associated with knitted fabric
stretching and bending of elastic fibers, such as elastane, which offers a restoring force.
Flexibility and stretchability are needed for a strong piezoelectric fiber to be incorporated into
smart textiles.263 The power output from the woven fabric of polyamide yarn and melt-spun
PVDF filament showed that the harvested energy from the size 15 × 100 mm of this textile is
sufficient to power low-power electronics.272
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The output voltage of 3D interlock woven fabric from 100% melt-spin piezoelectric filament
was 16 times higher than the output voltage provided by a 2D plain woven. 70 The 3D spacer
piezoelectric fabrics have the advantage of efficient charge collection due to proper electrodes
connection and also pressure uniform distribution on the fabric surface, causing performance
enhancement. Also, this all fibre piezoelectric fabric can be cut into any size and shape without
affecting on its flexibility and provide a simple route for integrating. 81 Generally, 3D fabric
structures in compare with 2D textiles structures have higher efficiencies because of
piezoelectric fibers density.2
Many researchers described flexible wearable generators, however many of them especially
in case of electrospinning were not flexible and did not bring the right feel of comfort for the
wearers. In fact, they have metal/metallic electrodes which limits their use, flexibility and
lifetime.81 The poor resistance to fatigue causes early failure of the metal foils electrodes. The
separation in the metal-insulator-metal structure is due to huge mismatch between the Young's
modulus and Poisson's ratio of the metal electrode and the piezoelectric layer. Therefore, loss
of mechanical integrity and electric connectivity occurred during long time device
operations.271 In addition to piezoelectric materials for wearable technology, generate energy
can be achieved with triboelectric materials. Triboelectricity through friction, convert
mechanical energy to electricity, by a coupled effect of triboelectrification and electrostatic
induction.76
With appropriate structure designs and using effect of both piezoelectric and triboelectric
effect the contact friction and the deformation of the materials can generate voltage and the
applied mechanical energy is exploited with high efficiency (Figure 1.14). The current methods
to design and fabricate triboelectric structures are based on reactive ion etching or
photolithography which both of them are expensive and complicated.276 The electrospinning is
a simple, versatile and low-cost method to fabricate ultrathin fibers from a wide range of
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materials as well as ceramics, polymers and composites which most triboelectric generators
are made by this technique.68

Figure 1.14 Improving performance of fiber base generators by using piezoelectric and triboelectric materials: a)
Schematic of the flexible structure of the TENG-based insole.68 b) Diagram of a triboelectric energy harvester
fabricated by the electrospinning process.277 c) Schematic of stretchable triboelectric structure and SEM image of
its component.278 d) Schematic diagram of all-fiber hybrid-triboelectric nanogenerator with two conductive fabrics

1.4.2 Wearable Piezoelectric Generators based on Piezoelectric Composite
The piezoelectric performance of fiber-based generators improved by incorporating
piezoceramic nanoparticles into piezoelectric polymer matrix. PVDF and its copolymer due to
their transparency, flexibility, chemical stability, biocompatibility and high breakdown
strength are considered to be the most promising candidates for wearable technology
application. In addition, PVDF has a high piezoelectric voltage constant (g 33) and a
low dielectric constant (εr < 10).279 According to Equation 1.6 the energy density (𝑈𝑒 ) of
dielectric material can be presented as follow where D is the electric displacement and E is the
electric field:
0

𝑈𝑒 = ∫𝐷

𝑚𝑎𝑥

𝐸𝑑𝐷

(1.6)
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Therefore, both large electric displacement and high breakdown strength are desired for a high
energy density. Common dielectric materials are usually modified with high dielectric
constants ceramics, but in some cases undesirable temperature dependent breakdown strengths
and loss characteristics could be happened.280 To avoid these limitations, significant efforts
have been made in making polymer–ceramic composites to achieve both a high breakdown
strength and superior dielectric properties.281 The amount of ceramic filler into the polymer
matrix is very critical and generally the composite reach the peak dielectric properties at
>50 vol% ceramic filler.281
The addition of high-permittivity nanofillers is the most common way to enhance the dielectric
properties of polymer composites. However nanoparticles incorporation into the polymer
matrix can improve the polymer composites permittivity, but, it can also cause to the decrease
of dielectric breakdown strength. In some composite structure’s cavitation occur around the
filler due to absence of adhesion between the fillers and matrix. Surface modification of the
ceramic nanofillers is used to modify the interfacial areas between ceramic and polymer matrix
and consequently avoid the filler aggregation and increase their dispersion in polymer
matrix.282
The usage of an appropriate surface modifier plays a key role for improving the piezoelectric
response.283 It is desirable to fabricate generators from perovskite materials with large
piezoelectric coefficients including BT (100 pC/N) and Pb(Zr,Ti)O3 (PZT, 200 pC/N) for
energy harvesting.284 Fabric-based piezoelectric generators are fabricated from traditional
textile manufacturing, fabric platform method and multilayer stacking technique for
electrospun webs (Figure 1.15).
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Figure 1.15 Comparison of the different types of wearable piezoelectric generators base on piezoelectric
composite: a) All-fiber wearable nanogenerator from electrospun web of PVDF–NaNbO3 fibers.271 b) A 2D
piezoelectric fabric consisting piezoelectric fabric integrated with conducting wire electrodes and insulating
spacer cotton yarn.20 c) Woven cotton-based textile containing four piezoelectric fibers.154 d) A cotton-based
textile containing piezoelectric fibers in a woven structure.153 e) Textile‐Based Hybrid Nanogenerator from
electrospun PVDF/CNT/BT web.285 f) Core-shell piezoelectric nanofiber yarns with external electrodes. 28

In a stack form a PVDF–NaNbO3 electrospun web and elastic conductive fabric as electrodes
converts compression energy of 0.2 MPa into output voltage of 3.4 V, and short-circuit current
of 4.4 μA at low frequency.271 The nonwoven PVDF/CNT/BT fabric fabricated by
electrospinning technique without further polarization. This layer embedded between two layer
of conductive fabrics as electrodes to generates a rectified average peak output voltage of ~162
V.285 The corresponding voltage and current for PVDF/BT (20 wt%) and PZT/PVDF (20 wt%
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PZT) fiber generators were ∼6 V and ∼4 nA and ∼3 V and ∼1.2 nA, respectively.286 In the trilayer structure achieves by stacking two layers of PVDF/BT nanocomposite films, one on each
side of the surface-modified n- type graphene, a peak output voltage of 10 V along with 2.5 μA
current at an applied force of 2 N generated.279 The double-layered BT/PVDF films in addition
to better flexibility and good interfacial adhesion, the mechanical property and cyclic durability
can also be improved. The double-layer BT/PVDF (20 wt%) film illustrate significant
performance of 6.7 V and 2.4 μA in output voltage and output current respectively. 258
The electrospun web of 15 wt% BT nanoparticles into the P(VDF-TrFE) solution can generate
an output voltage of 25 V during walking at frequency of 0.6 Hz under 600 N weight.287
Research confirmed that existence of 20% BT filler of 10 nm size in the P(VDF-TrFE) matrix
harvest ∼0.28 μW energy.288 The PVDF/BT meltspun fibers are knitted to form a wearable
energy generator that produced a maximum voltage output of 4 V and a power density 87 μW
cm−3 which is 45 times higher than earlier reported for piezoelectric textiles. 289
BT/PVDF/silver nanowires composite film with avoiding electrical poling process presented a
high voltage of ∼ 14 V and current of ∼ 0.96 μA.239 By dispersing BT nanoparticles in the
PVDF matrix, this particular film composite orientation can generate highest output voltage up
to 150 V.290 The piezoelectric coefficient increased by 47% after addition of 5 wt % BT in the
nanofiber of P(VDF–TrFE). This improvement also observed for both the current outputs and
piezoelectric charge under compression force.291
On the fabric surface, piezoelectric materials can be grown and covered directly. ZnO
nanowires grown on the Au/Kapton substrate and PVDF coated on the structure. Finally,
through a thermal‐evaporation method, the electrode was coated on the top surface of the PVDF
to achieve the hybrid flexible generator. The hybrid‐fiber device, under elbow bending‐
releasing for ∼90° generated the output voltage, current and power density of 0.1 V, 10 nA
cm−2 and 16 μW cm−3, respectively.292 Hybrid generators with the combination of two power
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generation mechanisms got research interest recently. Piezoelectric and triboelectric
nanostructures mechanisms have been integrated onto the fibers and convert the mechanical
energy into electricity (Figure 1.16).
The selection of triboelectric material and its surface area are more critical to obtain high power
output. In order to enhance the triboelectric performance, the ZnO nanoflowers as the
piezoelectric material used to improve the PDMS surface roughness. The device generated
electrical output voltage/current values of ∼75 V/3.2 μA, ∼150 V/8 μA, during walking (Figure
1.16a).293
The piezoelectric nanogenerator in the hybrid structure acts as supportive for triboelectric
nanogenerator for energy generation while it is not working in some situations. As a selfpowered strain sensor, ZnO nanorods were grown around the conductive carbon fibers by
hydrothermal growth method to harvest energy from human movement (Figure 1.16b).294 A
comprehensive overview about performance of PVDF base piezoelectric generators is
presented in Table 1.3.

Figure 1.16 Fiber-based hybric triboelectric and piezoelectric generators: a) PDMS-encapsulated nanoflower-like
ZnO composite film.293 b) Fully integrated 3D fabrication method for fiber-based hybrid nanogenerator 294.
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Table 1.3 Extensive Comparison between piezoelectric performances of fiber based PVDF generators.
Material

structure

signals

Excitation

Active area

Wearabl
e

Ref

PVDF

Single fiber

30 mV, 3 nA

strain at 2 Hz

-

×

295

PVDF

Fiber

76 mV, 39 nA,
577.6 pW.cm−2

strain of 0.05%
at 7 Hz

-

×

PVDF/BTZ
O

hybrid composite
film

11.9 V, 1.35 μA,
15.8 nW

11 N cyclic
pushing

2.5 cm × 2.5
cm

×

PVDF/GO

Nanofiber

2V, 29 mW.cm−2

Bending, 2.5 N

7 × 5 × 0.009
cm3

×

PVDF

Film

1.25 V,1.79 μW.c
m−2

1.2 N at 3 Hz

45 × 45 mm

PVDF/ZnO

Film

1.81 V, 0.57 μA,
0.21 μW/cm2

15 kPa

1.5 × 1.5 cm

P(VDF–
TrFE)
/BaTiO3

Film

0.28 μW

Bending

-

PVDF

Nanofiber

3.50 V

Bending

25 × 40 mm2

PVDFTrFe

Nanofiber

1.5 V, 40 nA

Bending

-

P(VDFTrFE)

Fiber

4.0 V, 2.6 μA

Impact 25 N

10 mm × 10
mm

PVDF/nano
clay

Nanofiber

70 V, 68 μW.cm−2

Tapping

-

PVDF/BaT
iO3

Nanofiber

331 nA

squatting up
and down

2 cm × 1 cm

PVDF/KN
N

Filament

3.7 V, 0.326μA

Finger Tapping

-

PVDF

Filament

2.3V

2.2 lb from a
height of
5.5 cm

-

296

297

298

299

×
61

×
288

×
×

300

301

×
302

×
303

×
304

×
64

×
305

×

PVDF

Filament

2.2V

1.02 kg form a
height of 5 cm

-

PVDF

Film

22 V, 28.5 μW/cm2

Finger tapping

0.7 × 0.7 cm2

×

307

PVDF

Film

560 V, 3.7 W/m2

Hand clapping

7 cm × 5 cm

×

308

PVDFTrFE/BNTST

Nanofiber

0.99 V

vibration

-

PVDF

Film

11V

2.95N

2 mm × 2
mm

MgO/P(VD
F-TrFE)

Film

2V

Bending

7 × 7 mm2

P(VDFTrFE)

Film

200 nA, 30 V

0.588 MPa

5 cm × 2 cm
× 0.3 cm

306

×

309

×
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310

×
311

×
312

×

PVDF

Nanofiber

48 V

8.3 kPa

2 × 3 cm2

BaTi2O5/PV
DF

Film

27.4 μW/cm3,
35 V

vibration

-

Nanofiber

7 V, 700 nA, 0.85
mW/m2

5N

5 cm2

sensor

Deflection

190 mm × 70
mm × 2.8 mm

Filament

700 mV

Impact of
motor

-

PVDF/ZnO

Fiber

0.1 V, 10 nA cm−2,
16 μW cm−3

Bending arm

-

PVDF-TrFE

Nanofiber coil

20 mV

Bending

306 μm

PVDF-TrFE

Yarn (Braid)

500 mV,
0.412 mVm/N

1 MPa at
0.5 Hz

-

PVDF +
GO + AlO

nanocomposite
film

36 V, 0.8 μA,
27.97 μW.cm−3

human finger
tapping

-

Bending

16 cm

PVDF
PVDF
PVDF

PVDF

Fiber

Fabric

313

✓
314

✓
315

✓

112.7 V,80 mW/m2

205

✓
316

✓
292

✓
72

✓
74

✓
274

✓
2

317

✓
PVDF
P(VDF‐
TrFE)/
BaTiO3
PVDF
PVDFHFPTEA·BF

3D Fabric

5.10 μW.cm−2, 14
V, 30 μA

Pressure 0.10
MPa

5 cm × 6 cm

8.8 μW.cm , 10
V, 3.5 μA

0.02 MPa

-

8V,4 µW

shoulder strap
of a laptop
case

2.5 cm × 20 c
m

3.5 V, 43
μWh.cm−2

Bending

-

25 mm

✓

272

320

81

✓

−2

Hybrid fiber

318

✓
Filament

Yarn

4

✓
319

✓

PVDF/CB

Filament

4 V, 15 nW

0.07% strain,
0.05 N

PVDF

Filament

380 mV, 29.62
μW.cm−3

0.023 MPa
impact

0.6mm×2cm

✓

PVDFTrFE

fiber

24 mV, 8 nA

50% strain

440 μm×10
mm

✓

PVDF

filament

2.3 V, 10.5 μJ.m−2

5N

-

✓

(PVDFTrFE) /
BNT-ST

Yarn

1.9 V, 0.38 μA,
0.88 μW

Body pressure

256 cm

✓

PVDF

Nanofiber

210 V, 2.1 mW
,45 μA

Body pressure

5cm×6cm

✓

PVDF/Na
NbO3

Nanofiber

3.4 V, 4.4 μA,

0.2 MPa

2.5 × 2.5 ×
0.2 cm

✓

PVDF/CN
T/ BaTiO 3

Nanofiber

161.66 V, 2.22 W
m−2

580 N

4.5 × 5 cm

✓

45

278

70

28

68

271

285

1.4.3 Smart Wearable Market
Wearable technology is a new trend that merges electronics to the daily activities and makes
an effort to change the lifestyles. The market is divided based on product type, such as smart
clothing, ear worn, smartwatch, fitness trackers, body worn, head-mounted display camera and
medical devices. The aim of wearable technologies is to improve physical performance and
form regular physical activity and develop new habits through digital persuasion. Wearable
electronic devices may offer social influencing or gamification of the exercise through
challenges creation as well as virtual rewards to enhance physical performance. 321 Since,
wearable technology industry is a relatively new concept, the landscape is crowded with
vendors across many market areas in the world. The market has already advanced beyond
human’s fitness and wellness, health care and commercial and industrial applications. The
market is expected to grow to an enormous value of 160 billion USD by 2026 from its current
value of 40 billion USD.141 Amongst the 423 wearable device products on the current market,
the largest market share associated with fitness and lifestyle (Figure 1.17a).322 The world
market for wearable devices, now consisting of wireless headphones with smart assistants,
increased 15.3% over the last year to 198.5 million parts in the late of 2019. Driving that growth
will be the continued spread of ear-worn devices, watches and wrist bands as well as further
adoption in the healthcare division.
The market is expected to achieve 279 million units by the end of 2023 with an 8.9% annual
growth rate. Since 2018 to 2022 the wristband type growth will remain muted with a rate of
0.3%. However, it is important to mention that this category will still represent for 24.7% of
the total market by 2022 with the total amount reaching 47,0 million.322 These wearable devices
will continue to be multi-purpose from stepping stone performing into the wearables market
for first time buyers to serving as simpler alternatives for smartwatches. In advance markets,
the low cost of wearable devices make them possible to serve as simple patient health
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monitoring equipments.323 The overall wearables market had a 17% annual growth in shipping
a total of 897,000 units in the third quarter of the year 2018 from the India. Suppliers will be
looking to investigate some of the new categories for the smart watches with cellular
connectivity to provide the solutions around healthcare and lifestyle management. 324 Over the
year 2019, 85 million smartwatches has been sold which will increase to 137 million in 2022
but that fitness trackers market dropped by 43 million to 39 million in comparison to the last
four years. Predictions suggest that the global smart fashion market will reach 2.9 billion USD
till 2022, based on the wide range of fashion clothes design (tunic, dresses, etc.) and accessories
(jewellery, watches, shoes, bags, etc).97 Huawei posted the largest annual growth among
the market-leading vendors (Xiaomi, Fitbit, Garmin, Apple) presenting a renewed fitness
bands with several new models and an introduction to smart earwear with its sport pulse
earphones that track heart rate as well as audio. 325 Currently, Samsung, Google, Apple,
HUAWEI and other companies have associated smart devices. Their products have their own
features including: health monitoring, information reminder, map navigation, connecting smart
home and independent call.326 Smart textiles market is foreseen to develop due to the
integration of traditional clothing industry and electronics to create textiles and connected
apparels for application in drug delivery, fitness, and clinical trials (Figure 1.17b).327

Figure 1.17 a) Wearable device products on the market, b) Worldwide wearable forecast by product category.
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1.4.4 Washable Wearable Generators
Electronic systems from conventional semiconductor materials, are not ideal choice for textiles
integration due to incompatible properties, including rigidity, bulk and related problems to
wearability and lack of washing durability.328 Therefore, the all fiber based generators are
designed for wearable electronic devices usage. The significant factors including wicking
properties, stretchability, air permeability and recovery require testing and control to provide
user comfort. A general question concerned about wearable electronics and all types of etextiles is their washability.329. Textiles like any other materials when are used for outdoor
applications will be exposed to the natural elements and required cleaning/washing at some
point. Accordingly, the washing process effects need to be investigated in detail for the
polymeric piezoelectric wearable devices.109 Washability is one more key concern for the
electronic textile in real personal application which expected to be similar to commonly worn
clothes and for all fiber base generator this ability is highly demanded. The influence of wear
and tear, washing cycles and daily use also should be monitored to ensure piezoelectric
response accuracy and provide a certain lifetime value for the fabric. 81 The piezoelectric
behaviour of polyamide-11, polypropylene and PVDF concerning capability of peak-to-peak
voltage generation after washing at 40°C with the addition of detergent was investigated. The
results showed that after washing process the PA11 and PVDF yarn present higher peak-topeak output voltage in compare with the pristine specimen (Figure 1.18a).316 A simple CF4
plasma etching followed by water immersion of the electrospun PVDF mats caused selfcleaning properties and super hydrophobicity. This would increase the durability of the smart
textile and reduce the washing cycles when it is used. The established electrospun PVDF mat
revealed ~ 31% improvement in piezoelectric properties after surface modification (Figure
1.18b).300 Melt-spun piezoelectric PVDF fibers with conductive cores were attached onto a
textile glove to operate as a sensor feature. The washing effect on the electrical resistance of
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the printed interconnections showed that following 15 wash cycles the average surface
resistivity was still below 500 Ω/square, which was supposed to be adequate for the operation
of polymeric sensor system during long-term use.330 The output voltage and current (~110 V,
2 μA) stayed almost constant after 2 h washing of PVDF fabric. Moreover, the electrical output
performance showed very low degradation (~106 V, 1.9 μA) following 12 h washing process
(Figure 1.18c).317 After 10 times of washing, the PVDF output signals of stitch-based sensor
were well retained without a significant drop in current. After 50 times of washing, the current
retention ratio after is 97% of the initial current which signifying the mechanical stability of
the stitch sensor against repeating the wash cycles (Figure 1.18d).109 Water also can improve
the electrical contact surface area among PVDF melt spun fibres and generates an output
voltage of up to 8 V per step under wet conditions.4

Figure 1.18 Washability of wearable generators: a) Peak-to-peak voltage generation of PVDF monofilaments before
and after washing.316 b) Schematic of the nanogenerator structure and SEM image of PVDF electrospun web after plasma
etching.300, c) A comparison of voltage output of the power generation fabrics after 2 h, 12 h washing and mechanical
properties.317 d) Output current of the PVDF stitch-based textile sensor after 50 cycles of washing.109
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1.4.5 Degradation and Recycling of Wearable Generators
World population has been continuously and cause increasing affluence and advent of the fast
fashion. This phenomenon leads to textile industry fast growth from design to delivery and
makes less durable clothing which bring a dramatic increase in the textiles production
consequently. Global per capita textile fiber production had ~120% growth trends over the
years 1975 to 2018. This development in textile production is related to environmental
challenges such as natural resources demands, textile production and use emissions, and the
solid waste generation. The annual textile waste per person is about 40 kg and 19 kg for the
United States and China, respectively.331 Beside the fashion revolution, multitasking
application of textiles such as energy harvesting and signal detecting increase demand for more
textile production which highlighted the importance of textile recycling challenge. Waste
electronics recycling in order to restore raw materials is beneficial for the environment,
especially for electronic devices such as lithium-ion batteries (LiBs) including valuable metals
(cobalt and lithium) as the electro-active materials. Recycling of these resources is an important
factor for the environment and many research work in this case. 332 LiBs as an energy source
contain toxic heavy metals in a high percentage. In 2005, the 4000 t of used LiBs collected
which 28% and more that 5% heavy metals and toxic electrolytes were generated from them.
Consequently more attention has been needed for the technology development to recover and
recycle LiBs for environmental protection also conserve natural resources.333 Despite that
many research focus on approaches for sustainable and green energy generation which is
energy scavenging from mechanical strain, wasted heat and vibration, utilizing advanced smart
piezoelectric materials specially PVDF polymer attract attentions.298 PVDF as a flexible
piezoelectric polymer has a key role in the development of wearable technology, electric
mobility and energy storage systems. The advances in these areas of research will bring about
a rise in the textile market. This will reveal the urge to develop effective recycling facilities for
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this polymer. PVDF polymer and its copolymers have been intensively studied owing to their
excellent biocompatibility, amazing stability and unique physical/electrical properties which
are attributed to their unique composition comprising hydrogen, carbon and fluorine functional
groups.61 These constituent groups combine with each other in a highly robust matrix,
providing both hydrogen and covalent bonds. Therefore, it is no wonder that why PVDF
materials have not exhibited biodegradable characteristics till now.334 Biodegradability came
for Poly-L-lactide polymer with strategy for material processing, electromechanical analysis
and device manufacturing to create a biodegradable, biocompatible piezoelectric force sensor
to get FDA-implants approval implants for the biological forces monitoring such as the
pressure of diaphragmatic contraction.335 The biodegradation properties will possibly be
identified for PVDF in near future. The recycled PVDF hollow fiber membranes were
fabricated using dry-wet spinning technique. The decrease of PVDF molecular weight due to
increasing running time also led recycled PVDF hollow fiber membranes to have higher
porosity and better permeability.336 In fiber based wearable generators beside PVDF other part
such as electrodes and connectors threads are textile based and need to recycle as well.
Textile recycling mostly involves the reprocessing of the textile waste for use in new textile or
non-textile products. Textile recycling methods are typically categorized as being
either chemical, mechanical or more rarely, thermal. Regards to the above-mentioned
challenges, there is relevant interest in increasing textile recycling and reuse, which would
move the treatment of textile waste further up in the waste classification, in accordance with
the European Union legislation on waste streams (European Commission (EC), 2008). Textile
recycling and reusing could potentially reduce the production of pure textile fibres and
avoid engineering processes further downstream in the textile product life cycle, and
consequently reduce environmental effects.337
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1.5 Thesis Aims
Piezoelectric fibers not only exhibited excellent flexibility, significantly enhanced
piezoelectricity and durability, but also show their potential applications for scavenging
biomechanical energy and in situ monitoring human movement as self-powered wearable
sensors in our daily life. To date, electrospun fibers and casted film have dominated this
research field, with only few studies on meltspun piezoelectric fiber emerging in recent times.
Here, PVDF based meltspun fibers offer exciting properties in the wearable devices, yet their
piezoelectric properties and such properties in general in the microfiber scale have not been
studied. Understanding these properties is critical to fabricating structures, posttreatment
process, integration to the textile, excitation methods and harvesting energy in wearable
devices with controllable and desirable properties. To address this, the thesis aims to:
Aim 1: Investigating the properties of piezoelectric fiber at the microscale
Although piezoelectric polymer (PVDF) have been extensively studied in nanofiber and film
structure, fewer studies have focused on their piezoelectric behaviour at the microscale level
and their characterizations. PVDF base meltspun fibers are precursor to the energy harvesting
from human motion due to their flexibility, mass production and low cost. therefore aim (1)
attempts to address this by employing extruder machine to fabricate composite fiber from a
range of different polymer, including PVDF, PVDF/BT, PVDF/rGO and PVDF/rGO/BT and
their characterization to provide important basis for the selection of suitable piezoelectric
material.
Aim 2: Investigating the effect of textile structure on piezoelectric response of the fibers
Having investigated integration of piezoelectric fibers with each other and with the electrodes
to collect the charge is required to have generator and sensor with high output voltage and
sensitivity. Aim (2) attempts to address this by employing coiling, weaving, knitting, and
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braiding techniques to make different textile structures. Also, different fiber-based electrodes
(fiber and fabric) along with piezoelectric fibers involved in the structures to provide flexible
structure for different applications which did not study before.
Aim 3: Investigating the piezoelectric response of wearable devices with different
excitation methods
As the development wearable device continues to emerge, it will be important to understand
how to excite their structures to get better response. Piezoelectric structures depend on the used
material (polymer or ceramic) are sensitive to the excitation methods to present their maximum
ability. Aim (3) attempts to address this by using different excitation methods including impact
test, stretching, and bending in various strains and frequencies. The wearable device embedded
in the garment structure and evaluated during human activity (walking and running). Also, the
durability of the responses assessed after cycles of loading.
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Chapter 2

_______________________________
Materials and Methods

2.1 Materials
The piezoelectric polymer used for meltspinning was poly (vinylidene fluoride) (PVDF)
supplied in powder form by Solvay Soleris (Milan, Italy), under the commercial name Solef
6010. The melt flow index (MFI) of Solef 6010 is 2 g/10 min at a load of 2.16 kg (or 6 g/10
min at a load of 5 kg) at 230 °C. Cubic piezoelectric barium titanate nanoparticles with an
average diameter of 50 nm and with 99.9% trace metals basis were purchased from Sigma
Aldrich Company (China). N,N‐dimethylformamide (DMF, >99.8%, Merck) and acetone (
>99.8% Merck Chem) as the solvent were used. Conductive silver paint supplies by SPI
supplies from USA. Silver plated polyamide yarn (235/36 dtex 4 ply) was purchased from
Shieldex, USA. Silicone rubber (Dragon Skin 10 Platinum Silicone – very fast cure) was
purchased from Smooth-ON, USA. Woven and knitted conductive fabric, which are silver
plated nylon with weight 80 gr m-2 purchased from Core Electronics Australia.

2.2 Experimental
2.2.1 Synthesis of Graphene Oxide
Graphene Oxide (GO) was synthesized from natural graphite powder through a modified
hummer method in two steps to reach improvement in oxidation of graphite. The experimental
procedure was carried out under a fume hood and the reaction temperature was controlled
precisely by a digital thermometer. The chemically converted graphene (CCG) with 1 mg ml -1
concentration dispersed in DMF following the reported method.1,

2

Briefly, an exfoliated

aqueous graphene oxide dispersion (0.05 wt%) was chemically reduced by hydrazine and
ammonia at 90 oC in two different steps. The H2SO4 (5 wt%) added to the dispersion followed
by filtration and drying resulted in the formation of agglomerated CCG powder. To prepare a
stable dispersion, the graphene powder was dispersed in DMF using triethylamine by
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sonication cycles and centrifugation. The direct reduction of graphene oxide in solution helped
to avoid rGO aggregation to enhance the rGO dispersion in the PVDF matrix as described in
the next section. Moreover, there was no residual reducing agent in the dispersion used to
prepare the composites.

2.2.2 Preparation of PVDF/Graphene Composite
To prepare CCG/PVDF composite with 0.5wt.% CCG content, an appropriate amount of CCG
dispersion was added to a PVDF solution in DMF (15 w/v%) under constant sonicating and
stirring (Figure 2.1). The mixture was further stirred and sonicated for two hours to ensure
homogeneous dispersion of CCG nanosheets into the polymer matrix. After evaporation of the
solvent, the resultant composite was chopped into small pieces, washed in ethanol and dried in
a vacuum oven at 60 °C for 3 hours. The composite was ground into powder manually in a
mortar with liquid nitrogen.

Figure 2.1 Overall procedure for fabricating PVDF/rGO composite.
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2.2.3 Preparation of PVDF/BT Composite
To optimise the ratio of BT nanoparticle in the PVDF polymer matrix for enhancing
piezoelectric and mechanical properties of the hybrid PVDF/BT fibers, PVDF/BT
nanocomposite films were prepared with different amount of BT nanoparticle. To prepare
PVDF/ BT nanocomposite, first 30 g of PVDF powder was dissolved into DMF (200 ml). A
clear and transparent solution was obtained upon continuous stirring on heater in water bath at
70 °C overnight. To prepare PVDF/BT nanocomposites solution with different amount of BT
nanoparticle wt% (i.e 5, 10, 15, 20 and 25), the BT nanoparticles were dispersed into DMF (50
ml) using a probe-type ultrasonicate (Fisher Scientific Inc) at 100 W in 5 s intervals (3 s pulse
on, 2 s pulse off) for 60 min under nitrogen flow at 0°C .Then, dispersed BT was added to the
as-prepared PVDF (15 wt%) solution and to form a stable suspension, sonicated at 75 W in 5
s intervals (3 sec pulse on, 2 sec pulse off) for 30 min under nitrogen flow at 0 °C then stirred
for 2 h and then put in a vacuum chamber for 5 min to remove air bubbles. The suspensions
were cast onto a clean glass plate and after evaporation of the solvent, the film was peeled off.
The resultant composite was chopped into small pieces finally to have homogenous mixing,
then the chopped film was powdered finely using grinder machine (BARRELL, Scientific,
LTD). Polymer pellets and machine’s mechanical parts (rotating blades) were cooled down
constantly using liquid nitrogen.

2.2.4 Nanostructured Hybrid PVDF/rGO/BT Composite
To prepare PVDF/ BT nanocomposite, first 30 g of PVDF powder was dissolved into DMF
(200 ml) as described above. To prepare PVDF/BT nanocomposites solution amount 10 wt%of
BT nanoparticle was dispersed into DMF (50 ml) using a probe sonicator for 60 min under
nitrogen flow at 0°C then dispersed BT was added to the as-prepared PVDF (10 wt%) solution
and to form a stable suspension, sonicated for 30 min under nitrogen flow at 0°C then stirred
for 2 h. Ground powders were prepared from cast films as described above. More details about
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BT concentration optimization described in chapter four.3 To prepare the PVDF/rGO/BT
nanocomposite, the as-prepared solution of PVDF/rGO/DMF was mixed with the dispersed
BT in DMF and sonicated for 30 min under nitrogen flow at -10 °C then stirred for 2 hrs. The
nanocomposite film was made using the same procedure as describe above.

2.2.5 Film Preparation
Two different techniques were studied for making PVDF and PVDF nanocomposite film.
These two methods were solution casting and hot press. Although solution casting method for
making a PVDF thin film is simple and cost-effective, there is less use in industry because of
the difficulty in getting the β phase which has the best piezoelectric response among 4 major
types of polymorph. Thus, it would be very interesting if it is possible to obtain polar β phase
directly from the solution casting method so further investigations on solution casting was
conducted and compared with hot pressing.
2.2.5.1 Solution Casting Method
The solution casting method associated with appropriate ratio of DMF as well as annealing
treatment is proposed as a fast and simple way of producing high-quality PVDF nanocomposite
thin film with a large fraction of β phase content. The preparation process of the PVDF/BT
nanocomposite film is shown in Figure 2.2. The prepared nanocomposite as described above
was casted onto a clean Petri dish and after evaporation of the solvent, the film was peeled off
from the dish. The PVDF/BT nanocomposites film having different concentrations of BT 5,
10, 15, 20 and 25 wt% were obtained from the film casting method. After evaporation of
solvent at 90 °C in a vacuum oven a film thickness of 0.4 mm was obtained. To reduce edge
effect in the films, the cast PVDF nanocomposite film with an area of 10 cm × 5 cm was
trimmed to a final size of 4 cm × 2 cm from the central area of the cast film. After cold
drawing process at 80 °C, the film had 13% increase in length. The PVDF films were
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sandwiched between two cupper tape electrodes under constant pressure to carry out
piezoelectric studies.

Figure 2.2 Schematic illustration for the fabrication of PVDF nanocomposite film based flexible pressure sensor

2.2.5.2 Hot Press Technique
Hot pressing is a common method to fabricate uniform polymer composite films with dense
and oriented inner structure. Polymer composite films were prepared by using a hot-press
method for the ease of fabrication and its applications. The films were made from the PVDF
powder with a Carver hot press (Figure 2.3a). To create films with higher β crystalline
structure, various combinations of heat, pressure, and quenching were used. Then, the optimal
hot-pressing conditions were determined. PVDF powder placed between two hot plates of the
machine on Teflon plates. Powder samples were compression moulded at 20,000 lbs (800 psi),
at 220 °C for 20 minutes, and then to avoid formation of more α phase, the heating system was
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turned off and the temperature naturally decreased to room temperature (20 ± 5 °C). The
obtained films had the

Figure 2.3 Polymer film preparation process by hot press technique: a) Hot press apparatus, b) prepared clear
PVDF film between two clamps, c) stretching PVDF film in a heating chamber and d) stretching PVDF film using
IR lamp

thicknesses of approximately 250 μm and placed between two clamps for cold drawing process
(Figure 2.3b). The PVDF films were stretched by a mechanical tester machine at the constant
rate of 10 mm/min up to 100% strain. Heating the polymer film during stretching process was
by two different methods: a heating chamber (Figure 2.3c) or an IR lamp (Figure 2.3d).
Experiments were conducted using an in-house-produced heating chamber. The heating
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process was operated through Nichrome 80/20 heating wire and driven by an electrical current
source. A thermocouple was positioned close to the sample to estimate sample temperature. A
slow heating process (3.5 °C min-1) was maintained by using a programmable controller
(Electro Chemical Engineering Pty Ltd, Australia) to increase temperature at a uniform rate
from 25 °C to 80 °C. For both methods when the sample temperature reached 80 °C the
stretching of the film commenced along its length direction. A necking region and a reduced
thickness portion appeared on the film and propagated along the upstretched portions on both
sides during stretching. The α to β-phase transformation was reported to initiate at the time of
initiation of the necking region.

2.2.6 Meltspinning Process
Melt spinning is the commercially most important fibre spinning process because of its
advantages such as high efficiency, energy saving, short and simple flow path. The method is
simple: the polymer powder is melted and pumped through a spinneret (die) with one or several
holes. The extruded filament is then cooled and stretched in several steps before being collected
on a bobbin. Only thermoplastic polymers (polymers that melt) can be used for melt spinning
technique. Here melft fiber spinning was carried out using a twin screw extruder (Barrel
Scientific Ltd.) as schematically shown in Figure 2.4.

Figure 2.4 Schematic overview of the melt-spinning set-up used for the production of continuous PVDF fibers:
(a) PVDF powder feed; (b) twin screw extruder; (c) single hole 3 mm diameter spinneret (die); (d) heating zone
for slow cooling as-spun fibers (80 °C); (e) stretching zone and (f) take up, a spool of melt-spun PVDF piezoelectric
fibers.
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PVDF powder was heated overnight at a temperature of 70 °C and then fed into the extruder.
A single hole spinneret with a diameter of 3 mm was used to produce PVDF monofilament.
The volume of PVDF flowing through the spinneret was controlled to generate a uniform fiber
diameter. The temperature profiles along the extruder ranged from 180 to 220 ºC over the nine
sequential zones (Table 2.1).
To avoid α phase formation due to rapid cooling, the IR lamp was used for slow cooling of the
fiber as it extruded from the die. Spinning parameters such as temperature and velocity strongly
influence the final properties of melt-spun fibres. The final fiber winding speed of vw = 20 m
min-1 provides an inline cold drawing ratio λ = vw/vt = 10. The final diameter of the as-prepared
PVDF fiber was ~170 µm.

Table 2.1 The extruder heating profile for melt spun fibers
Zoom number

(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

Temperature

180

190

190

200

210

215

215

220

220

(°C)

The PVDF/BT nanocomposites fibers were produced through melt-spinning process. Asprepared PVDF/BT nanocomposite films which were prepared through film casting were
used to produce the met-spun fibers as explained in section 2.2.5. The melt-spun fiber of
PVDF with and without BT were prepared as described above and illustrated in Figure 2.5.
Melt-spun PVDF/BT nanocomposite fibers containing 5, 10 and 20 wt% of the BT were
prepared (labelled PVDF/BTx, where x = 5, 10, 20 is the wt% of BT into the PVDF polymer,
(PVDF/BT5, PVDF/BT10 and PVDF/BT20). The final diameter of the stretched PVDF and
PVDF/BT nanocomposite fibers was ~170 µm.
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Figure 2.5 Preparation process of nanocomposite fibers of PVDF/BT

2.2.7 Cold Drawing Process
After extrusion and drawing of the melt, there will typically be one or more processing steps
in the spinning line where the fibres are cold drawn. Cold drawing refers to drawing in the solid
state, at a temperature T: T g < T < Tm, where Tg is the glass transition temperature, and T m is
the crystal melting temperature. Prior to cold drawing the fibres exhibit poor mechanical
properties, such as low stiffness, high strain to break and high irreversible extensibility. Cold
drawing is an irreversible elongation on the macro-scale and, on the micro-scale, an extension
and orientation of polymer chains and crystallites along the fibre axis, and the orientation
increases with increasing draw ratio. The ratio of the β phase to the α phase was very dependent
on the temperature, ratio and speed of drawing. The drawn fibers were prepared through the
single stage continuous cold drawing at the feed speed of 3 m min-1. The optimal temperature
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was set to be 80 ºC. Drawing ratio and temperature are two important factors which are studied
in this thesis. Figure 2.6 shows set up for cold drawing process using IR lamp as the heater.

Figure 2.6 Set up for drawing and heating of PVDF filament.

2.2.8 Poling Method
The principle of poling is that a material is exposed to an electrical field and it can be performed
in a contact mode and non-contact mode. Contact mode means that there are two electrodes on
both sides of the material and the electrodes are connected to a high voltage supply. Noncontact mode, which also can be called corona poling, is when a material is placed between a
high potential electrode and grounded counterpart. During poling, the polar crystallites phase
of fibers will become aligned with the electric field and this will provide the piezoelectric effect
in the fibers. The electrical poling process (during and after drawings) is necessary to improve
the performance of the piezoelectric filaments. The poling voltage, time and temperature are
effective parameters which depend on the material type and structure and need to be optimised.
After application of poling voltage for 30 min the sample was cooled down to the room
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temperature without disconnecting the external voltage source. The poling process for braid
structures and fibers was done by high voltage power supply of electrospinning machine
(MECC. LTD) and poling machine used for films and fabrics. The poling treatment was
conducted as follows:
1) The electrodes embedded on the top and bottom surfaces of specimens to detect the electric
charge output.
2) Install specimens between electrode poles of the poling fixture as shown in Figure 2.7.
3) Put the poling fixture into the oil bath, which contains silicone oil for electric insulation,
and set 80 °C for the temperature of the oil bath.
4) Set applied voltage for the poling electric field of the power supply after the temperature
of the oil bath reaches 80 °C during preselected times.

Figure 2.7 Poling machine to apply electric field to films and fabrics: a) the poling machine set up with power
supply and controlling unit and b) magnified image for silicon oil bath.

For both a single PVDF filament and the triaxial braided PVDF structure poling was carried
out using two different methods of electrical contact (fiber axial and radial direction). For the
PVDF fibers, a 10 mm section on each end of the PVDF filament was coated with silver paint
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to act as an electrode. Poling of a 20 mm length of the filament between the electrodes was
carried out using different voltages for 10 minutes with the sample maintained at a temperature
of 80 °C. For efficient poling process, the electric field E (E = V/Z, where Z is the PVDF
filament thickness and V is the applied voltage) should be close to the dielectric strength which
depends on the PVDF filament diameter. The dielectric strength is 45 MV/m to 100 MV/m for
a PVDF filament of 200 μm diameter which is close to the coercive field for PVDF and its
copolymers which range between 50 and 120 MV/m.4 Care must be taken during this
experimental process to avoid flashover or arcing between the electrodes, therefore an
insulating rubber tape was placed around the electrode area to serve as an electrical barrier. A
small length of one end of the fabricated PVDF braid was modified to expose the core, which
served as the inner electrode. The outer sheath was used as the other electrode for the poling
process and electrical connection was made at the opposite end of the sample from where the
core electrode was connected. The sample was heated to 80 °C for 5 min before the voltage
was applied and cooled down to room temperature before the voltage was removed. The
applied voltage for the PVDF braid was 25 kV DC.

2.2.9 Fabrication Methods
The as-fabricated piezoelectric filaments are flexible and their strength is high enough to be
formed into different structures including braiding, knitting weaving, and coiling which are
described in the following sections.
2.2.9.1 Braiding
A triaxial braided piezoelectric PVDF fiber was developed through a multi-step braiding
process using a Trenz-Export braiding machine. The process of fabricating the triaxial braided
structure is schematically illustrated in Figure 2.8. A silver coated Nylon (235/36 dtex 4 ply
thread) was used in the core as the inner electrode along the length of the fiber with 12 asprepared PVDF filaments braided around the core to form the piezoelectric layer. Finally, the
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whole structure was braided a second time with 12 silver coated nylon fibers to serve as the
outer electrode. The developed triaxial piezoelectric energy generator can be easily fabricated
to unlimited lengths to meet specific energy and power needs. In addition, the triaxial braided
structure provides more durability for the piezoelectric energy generator device due to novel
packaging which could protect the PVDF fibers and silver coated nylon electrodes in the
device.

Figure 2.8 Schematic diagram to illustrate the 3D braiding process: (i) supply spool of the core yarn, (ii) braiding
machine with 12 feed spools, (iii) two-layer braided PVDF fibers as the sheath and silver coated nylon the as core,
and (iv) fabricated triaxial braided piezoelectric device made by braiding silver coated nylon around the PVDF–silver
nylon two-layer fiber.

2.2.9.2 Circular Knitting
The knitting is the second most common method of textile fabric formation and consists of
continuous lengths of yarns which are formed into columns and rows of intermeshed loops.
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Weft knitted structures are made by loops formed by one continuous end of yarn across the
width of the cloth. This technique has the advantage such as:1) Selective variation of the
number of yarns to be knitted in the same fabric, 2) stability and extensibility of the fabric, 3)
tuneable porosity and compactness and 4) varying the size of loops. The melt-spun
piezoelectric fibers were found to be suitable for use in the knitting machine and could sustain
the applied mechanical stress and strain during the knitting process. The fiber diameter to be
used for the knitting process was ~ 170 µm according to the needle size of the machine. Knitted
wearable devices had been developed using a Harry Lucas circular knitting machine with the
head size of 1/12 in, gauge, 28 and 20 needles (Figure 2.9a). A feeding tension setting of 10
and pickup tension of 32 was applied to fibers and knitted structures, respectively. The circular
structure provided enough mechanical support and structural integrity for different applications
(Figure 2.9b).

Figure 2.9 Knitting process for melt-spun piezoelectric fiber: a) Circular knitting machine, b) 3D circular
knitted structure of PVDF fiber

A common complaint of circular knitted structures has been their poor dimensional stability
and their tendency to unravel from the unsecured end, so binding-off was performed by sewing
along the cut edge. To assemble the knitted wearable energy harvester device, the commercially
available woven conductive fabric as inner and outer electrodes with thickness of 80 µm was
embedded inside and outside of the knitted structure. The use of the circular knitting would be
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able to provide more protection against short circuiting as the inner electrode was surrounded
by the knitted structure. In addition, stripe electrode bands could be fabricated into the knitted
structure as needed by substituting an electrically conductive thread. In this way a wearable
knitted device with two knitted electrodes embedded in the structure has been developed.
2.2.9.3 Weaving
The definition of conventional weaving is when two set of yarns/fibres are running
orthogonally to one another and interlacing. The yarns running in the width direction in a
woven structure are known as weft and the yarns running in the length direction are known as
warp. Wearable energy generators and sensors based on PVDF nanocomposites fibers were
developed through a weaving process. The preparation was based on plain weave structure in
a weaving loom set up (Figure 2.10a) which is where each weft yarn passes above and below
(riser and sinker) the warp yarns repetitively so formed a simple cross pattern (Figure 2.10b).

Figure 2.10 Weaving process for melt-spun piezoelectric fiber: a) weaving loom set up, b) woven piezoelectric
fiber, c) placing conductive fabric on both side of woven structure and d) woven piezoelectric fibers with silver
coated Nylon as electrodes.

In the plain weave the short length of yarn intertwined between warp and weft yarn leads to a
fabric with high density and consequently prevents short circuits between the two electrodes.
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Moreover, the plain weave structure has a homogeneous surface to provide moderately constant
electrical properties.5 To assemble the woven wearable energy harvester device, the
commercially available woven conductive fabric as electrodes with thickness of 80 µm was
attached to the top and bottom of the as-prepared fabric using a sewing machine (Figure 2.10c).
Another method to embed electrodes involved weaving silver coated nylon as electrodes on
both sides of the woven piezoelectric fiber (Figure 2.10d).
2.2.9.4 Coiling
To make coils from nanocomposite fibers (Figure 2.11) as the first step a length of precursor
fibers (a1) were cut off from the fiber spool. The top end of the fiber was joined to the power
drill (a2) by a paper clip (a3) and a fixed weight (~20 gm) (a4) hanging on the other end which
applied 2 MPa stress to the fiber. The fibers were held in tension but could not rotate due to the
applied tension. The weight selection has a key role to have uniform and straight fibers and
which also prevent snarl formation prior to coiling.

Figure 2.11 Schematic representation of twist insertion in PVDF nanocomposite fiber using: (a1) PVDF fiber,
(a2) powered drill, (a3) metallic paper clip, (a4) the weight, (a5) coil formation by induced twist to the fiber (a6)
stretched and clamped coiled fiber.
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The precursor fiber was twisted by rotating the powered drill in a clockwise direction (from
the top view) to form a “S” twist. The fabricated coil sample (a 5) was mounted on a metallic
stand (a6) stretched for 8% with respect to the initial coil length. while both ends of coil were
clamped to prevent twist loss, it was annealed at 120 °C which is above its glass transition
(Tg),6 in an isothermal heating oven. Heating at a temperature over T g helps to set the twisted
shape permanently. After 30 min heating of the coil, it was removed from the oven and left to
relax for 2h at room temperature while still clamped. Figure 2.11 schematically shows the
process of twist insertion and coil preparation from PVDF fiber.

2.2.10 Mechanical Excitation Methods
2.2.10.1 Stretching / Bending Test
The stretching and bending test had been carried out using a Shimadzu EZ mechanical tester
to evaluate excitation performance as well as durability of the piezoelectric generator. The
stretching of coil and bending strain can be set up for different percentage of strain (10-120%),
speed (10-300 mm/min) and cycles at room temperature. Each of the two clamps of the tensile
tester was also isolated by insulating tape to insu-late the sample from any extraneous noise
generated from the tester mechanism. The Pico Scope clamps were also fixed with tape to the
tensile tester clamps to help prevent any movement and noise generation.
2.2.10.2 Arm / Knee Fold-Release Test
To demonstrate a wearable application for energy harvesting, a series of experiments was
performed on a human subject as follows. The as-fabricated piezoelectric textile was attached
to the arm or knee of myself as a test subject. The electrical properties of the piezoelectric
textile were examined by multiple folding-releasing actions of the arm or leg at low
frequencies. The generated voltage was transferred to the mobile phone via designing an
electrical circuit which was equipped with the Bluetooth technology.
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2.2.10.3 Compression and Impact Test
Impact excitation of the piezoelectric sample was performed by two methods. The first method
was a dropped weight method (low velocity impact test) to generate an output voltage. The ball
weight and size were considered according to the sample size and its sensitivity. Among six
different tested balls, a metallic ball (15 mm in diameter and 25 g in weight) was dropped from
different heights (5, 10, 15, 20 and 25 cm) through a guide pipe which directed the impact onto
the surface of the sample device. To protect samples from potential damage caused by
repetitive impacts and also to excite and obtain voltage measurements from large active areas
of samples, an aluminium sheet (thickness 5 mm) was placed on samples during the impact
tests and the whole system (samples and aluminium sheet) was fixed with clamps to a rigid
surface. The electrical response of the piezoelectric textile to the applied stress was recorded
by connecting the inner and outer electrodes to an oscilloscope (Pico Scope 4424).

Figure 2.12 Compression and impact test set up: a) Multiple views of the in-house setup for continues impact
on sample, b) Measured displacement of the piston with respect to angular rotation., c) Profile of the designed
CAM at different rotational increments.
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The second method was by an in-house setup that was made for the purpose of comparing all
three piezoelectric textile structures and using a periodic impact force. An illustrative graph of
the measurement system and assembly details is shown in Figure 2.12. In order to reduce the
interference of triboelectric charges, the samples and impact head were covered with tape.
Continuous force impacts were applied at a frequency of 1 Hz. A Nema stepper motor run by
Ultimate board was used as the impact power source, and the generated open-circuit voltage
and short-circuit current were collected with a Keithley (2612B, USA) system simultaneously.

2.3 Characterization
2.3.1 Mechanical Properties
The mechanical properties of the fibers and films were measured using a Shimadzu tensile
tester (EZ-S). Data were recorded by TRAPEZIUMX software on the computer. The samples
were mounted between two pneumatic grips. A 10 or 50N load cell was used in experiments.
The Young's modulus was calculated from the slope of the initial part of the stress-strain curve,
where the relationship between stress and strain was linear. The reported results for tensile
strength, elongation at break and Young’s modulus are from 10 times repeat for each type of
sample.

2.3.2 Fourier Transform Infrared Spectroscopy (FTIR)
FTIR spectra were obtained using Shimadzu IRPrestige-21 infrared spectrometer equipped
with a Pike Technologies Miracle A germanium crystal ATR attachment. A bunch of filaments
which are uniformly arranged alongside each other were used and spectra were recorded over
a range of 400–4000 cm−1 with 4 cm−1 resolution.

88

2.3.3 X-ray Diffraction (XRD)
The crystalline structures of samples were analysed by XRD (GBC, MtriX SSD) using Cu Kα
radiation (λ = 0.154 nm), with the generator working at 40 kV and 30 mA. The spectra were
obtained between angle of 10° and 80° with typical speeds of 0.5° min-1 utilised.

2.3.4 Thermogravimetric Analysis (TGA)
Thermogravimetric Analysis (TGA) was used to determine the decomposition temperature of
materials used in the produced fibres. From these results the weight ratio of each filler involved
in forming the nanocomposite fibres can be roughly determined. TGA analysis of samples was
performed using TG 209 Libra from NETZSCH, Germany. The sample weight of 10 mg was
loaded into the TGA crucible and temperature was increased with a ramp rate of 5 °C min-1 up
to 900 °C under a nitrogen atmosphere.

2.3.5 Differential Scanning Calorimetry (DSC)
DSC analysis was conducted to examine the thermal stability, strength, and behaviour of the
fabricated nanocomposite PVDF fibers. The melting temperature (Tm) and melting enthalpy
(ΔHm) of samples were measured with a differential scanning calorimeter (DSC) (TA
Instrument) at a heating rate of 5 °C min−1 by using a 50 ml/min compressed nitrogen flow as
the purging gas. The sample first cooled to 0 °C and then temperature was increased to above
melting temperature of the polymer (300 °C).

2.3.6 Dynamic Mechanical Analysis (DMA)
DMA tests were performed using DMA 242 Artemis from NETZSCH, Germany Dynamic
Mechanical Analyzer. Storage modulus (E′), loss modulus (E̋ ) and loss factor, tan δ = E̋ /E', of
10 mm of PVDF and its nanocomposite fibers were measured in tensile mode following a
heating ramp at 3 °C/min from −50 °C to 150 °C in various frequencies (0.1, 0.2, 0.5, 1, 2, 5,
10 and 20 Hz). The amplitude of the dynamic stress was 0.2 MPa, which was small enough to
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ensure a linear viscoelastic response from the sample. For each composite, five runs were
obtained to get repeatable results since the rheological behaviour depended on the filler
dispersion in the polymer matrix.

2.3.7 Scanning Electron Microscopy (SEM)
Surface and cross section morphologies of the samples were examined with a Scanning
Electron Microscope (JEOL 6490). Secondary Electron Imaging (SEI) was performed at an
accelerating voltage of 10 kV and a probe current setting of 30 mV. Fibres were frozen in liquid
nitrogen for 30 min before cutting using a scalpel blade to obtain smooth cross sections for
imaging. Samples were coated with 5 nm of Pt using a sputter coater (EDWARDS Auto 306)
to aid with imaging and minimise beam heating effects.

2.3.8 Raman Spectroscopy
Raman spectroscopy was performed on samples with GO on Jobin Yvon Horiba HR800
confocal Raman microscope with a 632 nm laser and a 300-line grating under 100X objective
to achieve a resolution of ± 1.25 cm-1.

2.3.9 Filament Diameter Measurement
A stereo microscope (Leica M250A) was used to measure the filament diameter and film
thickness by using image analysis tool of Leica software. The reported value is average of 10
times repeat for each measurement.

2.3.10 Electrical Characterization
The electrical properties of both the piezoelectric filaments and fabrics were characterized. In
all tests, the open-circuit voltages and short-circuit currents generated by the piezoelectric
devices were in-situ recorded by an oscilloscope (Pico Scope4424) with sampling time constant
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0f 0.1s and Keithley (2612B, USA) with sampling time constant of 10 ms. Also, to minimize
the amount of noise, charging capacitors and signal analysis circuits were designed.

2.4 Piezoelectric Characterization
2.4.1 Piezoelectric Force Microscopy (PFM)
Polarization switching in the as-prepared piezoelectric fiber was performed using
Piezoresponse Force Microscopy Switching Spectroscopy (SS-PFM) to evaluate the
piezoelectric sensitivity. In this method, a direct current voltage (Vdc) was applied as a
sequence of pulses, so that the phase and amplitude measurement could be performed in the
off-state of pulses. Both the electrostatic force and piezoelectric deformation contribute to the
amplitude in the on-state while the electrostatic force is eliminated in the off-state. A significant
difference in the off-state compared to the on-state measurements indicated the magnitude of
the piezoelectric effect. 24 SS-PFM measurements were carried out using an MFP-3D Atomic
Force Microscope (AFM) (Asylum Research, CA).

2.4.2 Piezoelectric Constant Measurement
The piezoelectric coefficient (d33 value) of the piezoelectric materials was measured with a
quasi-static d33 meter (YE2730, APC International. Ltd.) (Figure 2.13). After calibration of the
device with the standard piezo ceramic, the electrodes embedded on both side of the film and
placed the film between to jaws of the machine to read the d33 base unit of C/N.
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Figure 2.13 D33 meter machine to measure piezoelectric constant of nanocomposite films

2.4.3 Ferroelectric Measurements
Dielectric loss and impedance properties were measured a function of frequency with a
precision impedance analyser (4294A, Agilent Technologies, Inc.) at room temperature with a
frequency range from 102 to 106 Hz. To collect ferroelectric hysteresis loops, a ferroelectric test
system (TF2000E, aixACCT, Germany) was used. The samples were loaded into a
measurement jig attached to the analyser and placed in contact with a pin. At certain
frequencies, a piezoelectric material enters a resonant mode where the electrical input signal
excites a mechanical response within the material. These resonant modes are what make a
piezoelectric material unique and are not present in dielectric materials. The frequency range
used was from 102 to 106 Hz.
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Chapter 3

________________________________
Triaxial Braided Piezo Fiber Energy Harvester for SelfPowered Wearable Technology

This chapter is an edited version of the following published journal article: Mokhtari, F.;
Foroughi, J.; Zheng, T.; Cheng, Z.; Spinks, G. M., “Triaxial braided piezo fiber energy
harvesters for self-powered wearable technologies”. Journal of Material Chemistry A, 2019, 7
(14), 8245

3.1 Introduction
The most common problems associated with current flexible piezoelectric generators and
architectures are tedious processing techniques, slow production speed, low output power and
lack of comfort.1 For instance, a novel composite material system and a method for
constructing flexible, stretchable and wearable piezoelectric energy-generating fibers have
been demonstrated using electrospun polyvinylidene fluoride-co-trifluoroethylene (PVDF–
TrFE) as the piezoelectric material and carbon nanotubes (CNT) and sliver coated nylon as
outer and inner electrodes, respectively.2 these flexible piezoelectric fibers can be stretched to
a tensile strain of 5% and can generate over 50 μW cm −3. Another study demonstrated that a
flexible nanogenerator manipulated from a polymer nanocomposite (PVDF–HFP/Co–ZnO)
exhibits an output voltage as high as 2.8 V in 50 Hz. 3 A remarkable enhancement of the output
voltage (∼32 V) of a nanogenerator based on a non-electrically poled cerium (iii) complex
containing a PVDF composite film is achieved by simple repeated human finger pressure. 4 In
addition, all-fiber piezoelectric fabrics as power generators and energy harvesters have been
developed based on 3D spacer technology.1 Piezoelectric PVDF monofilaments acted as the
spacer yarn material interconnected between silver coated polyamide multifilament yarn layers
acting as the top and bottom electrodes. This textile structure provided an output power density
in the range of 1.10–5.10 μW cm−2 at applied impact pressures in the range of 0.02–0.10 MPa.
More recently woven piezoelectric fabrics have been developed using core-sheath melt-spun
PVDF/carbon black/polyethylene and silver coated nylon which were able to produce a peak
power output exceeding 1 μW cm−2 at an impact pressure of 20 kPa.5 Although these energy
harvesting textiles based on piezoelectric PVDF fibers exhibited stable flexibility and energy
harvesting performances, they still suffer from low piezoelectric performance (i.e. power
output, durability, and sensitivity) because of the lower interfacial area between the
piezoelectric fibers and the outer electrode; in other words, there is poor electrical connection
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between the piezoelectric fibers and electrodes. To solve this problem, novel fabrication
strategies are needed. In this chapter we explore a new type of energy harvesting device
developed by braiding melt-spun PVDF piezoelectric and conductive silver coated nylon yarns.
The procedure developed for the fabrication is substantially different from conventional energy
harvesting PVDF fabrication processes in which two rigid metallic electrodes and piezoelectric
fibers are assembled and then fabricated into the energy harvesting generator. In our case, a
triaxial structure has been developed based on melt-spun PVDF fibers and silver coated nylon.
The as-spun PVDF filaments were first braided around silver coated nylon yarn as a highly
flexible inner electrode and then the whole structure was braided a second time with silver
coated nylon fibers as an outer electrode. The fabricated device exhibited improved mechanical
(i.e. durability, flexibility, and comfort) and piezoelectric properties (i.e. sensitivity and power
output) as compared with PVDF fibers. In addition, the fabricated triaxial braided piezoelectric
energy harvesting textile provided an efficient and novel way to overcome the stability issues
due to the poor fatigue resistance of the metallic electrodes. The triaxial braided piezofiber is
strong, lightweight and exceptionally flexible and it is expected to be applicable to wearable
devices where high performance is necessary.

3.2 Experimental
3.2.1 Fibers Fabrication and Preparations
Fiber spinning was carried out as described in section 2.2.6. The cold draw process was done
as described in section 2.2.7. During stretching, filament whitening was observed, indicating
the onset of a phase transformation in the fiber material. The poling process was carried for the
PVDF fibers and the triaxial braided PVDF structure was carried out as explained in section
2.2.8. Poling was carried out using voltages of 9, 13, 17 or 20 kV. In addition, to evaluate the
effect of the poling process on the piezoelectric response, four different lengths of the as-
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prepared PVDF filaments were subjected to different applied voltages along their
lengths. Table 3.1 shows the length and applied voltage for poling for each of the PVDF
filaments. For each sample tested the applied voltage was increased until a spark was observed.
Table 3.1 Different PVDF filament lengths and their applied voltage for the poling process
PVDF filament length (mm)

Applied Voltage (kV)

10

9

20

13

40

17

80

20

3.2.2 PFM Test of Single PVDF Fiber
Polarization switching in the as-prepared PVDF filament was performed as described in section
2.4.1. A small section of the as-spun PVDF fiber was attached to a glass slide using silver paste.
A Pt/Ir coated silicon tip (Type: EFM, Nanoworld) with a typical resonance frequency of 75
kHz and a force constant of 2.8 N m−1 was used. Scans were performed at various positions
along the length of each fiber to find surfaces suitable for PFM testing. The conductive tip and
the silver paste were used as top and bottom electrodes to apply a DC voltage to the sample.
The conductive tip was triggered with an AC voltage of 500 mV. During the experiments, the
vertical piezoresponse was recorded and PFM amplitude-phase scans were performed with
switching the DC amplitude up to ±25 V. The PFM applied voltage is to switch the local dipole
underneath the AFM tip. The PFM applied electric field in this thesis agrees with those
previously reported in previous researches.6-8 SS-PFM testing was carried out on PVDF
filaments of different lengths (1, 2, 4, and 8 cm). The as-prepared PVDF fiber of 10 mm in
length was mounted on a glass slide using silver paste and 5 evenly spaced positions were
defined along the fiber length with a marker (Figure 3.1). During testing, the probe was pressed
firmly onto the specified testing point on the sample with a static pressing force of about 40
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nN. A large driving voltage of 10 V was then applied in order to generate large amplitude
responses.

Figure 3.1 PVDF filament mounted by the silver paste for PFM test

3.2.3 Fabrication of Triaxial Braided PVDF Fibers
A triaxial braided piezoelectric PVDF fiber was developed as described in section 2.2.9.
(Figure 3.2). The developed triaxial piezoelectric energy generator can be easily fabricated with
unlimited lengths to meet specific energy and power needs. In addition, the triaxial braided
structure provides more durability for the piezoelectric energy generator device due to novel
packaging which could protect the PVDF fibers and silver coated nylon electrodes in the device

Figure 3.2 Optical photograph of the as-developed triaxial braided piezo generator: (i) silver coated nylon as inner
and outer electrodes and (ii) braided PVDF fibers as the intermediate layer. The structure had a total diameter of 2.55 mm
consisting of a silver coated nylon core (0.6 mm), an intermediate PVDF layer with a thickness of 1.37 mm, and outer
sheath of silver coated nylon braid with a thickness of 0.58 mm.
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3.2.4 Sample Excitation Method
The excitation of the as-prepared piezoelectric PVDF samples was carried out as explained in
section 2.2.10 using both impact and bending methods. Bending was induced by compressive
loading of the sample until buckling occurred (Figure 3.3). The compression strain was set to
50% of the sample length (20 mm) with a speed of 300 mm min−1 over 1000 bending cycles
(Figure 3.3). Each of the two clamps of the tensile tester was also isolated by insulating tape to
insulate the sample from any extraneous noise generated from the tester mechanism. Picoscope
clamps were also fixed with tape to the tensile tester clamps to help prevent any movement.

Figure 3.3 A photograph of the mechanical bending setup: the as-prepared braided piezoelectric device (a) before
and (b) after subjected to 50% strain.

3.3 Results and Discussion
The melt-spun piezoelectric fiber and novel manufacturing process have been developed to
create an energy harvesting generator based on the piezoelectric textile. The piezoelectric
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textile was produced using low cost materials and manufactured with readily scalable textile
manufacturing methods.

3.3.1 As-prepared PVDF Fiber
SEM micrographs of the as-spun PVDF fibers are shown in Figure 3.4. It shows circular crosssection and a dense internal structure (Figure 3.4a) and a smooth surface morphology (Figure.
3.4b).The high magnification images (inset) of the surface and cross-section of the PVDF fiber
confirmed that there are no voids in the as-prepared PVDF fiber.9

Figure 3.4 SEM images of the as-prepared PVDF fiber: a) cross section of the stretched melt-spun PVDF fiber at
low and high magnification (inset), (b) PVDF fiber along the length.

3.3.2 PVDF Characterisation
The predominant crystalline phase of the as-prepared PVDF fiber following different posttreatment processes (i.e. drawing and poling process) was investigated using FTIR, DSC, and
X-ray diffraction. The FTIR spectra of the melt-spun filaments, stretched and poled PVDF
fibers in triaxial braid structure and the starting powder are shown in Figure 3.5 and Table 3.2.
It can be clearly observed that the starting powder consists primarily of the α-phase, as is
evident from the strong characteristic absorbance bands at 760, 796 and 974 cm -1. For poled
melt-spun fibers, the emergence of peaks at 840 (CH2 rocking), 1276 (trans band) and 1430
(CH2 bending) cm-1 corresponding to the β phase can be clearly observed, along with a
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corresponding decrease in the peak at 760 cm-1. Similar results have been observed by various
authors where it was shown that both the stretching temperatures (80–100 ºC), as well as the
drawing ratios, influence the β-phase content. It has been suggested by Lund et al.10 that an
increase in the drawing ratio leads to a higher conversion from the α-phase to the β-phase with
a strong correlation between the drawing speeds and the conversion between the phases. 10
During melt extrusion of the PVDF monofilaments, the filaments were subjected to uniaxial
drawing at moderate to high

Figure 3.5 FTIR results for PVDF powder, as-prepared meltspun and stretched / poled PVDF filament.

rates, depending upon the take-up speed on the winder. This uniaxial drawing introduced a
strong axial flow creating molecular orientation along the drawing direction, leading to an
increase in crystallization. This crystallization also changed the morphology of the structure
from spherulitic (predominantly α phase and at low drawing ratios) to more fibril like
(predominantly β phase and at high drawing ratios) at higher speeds. 11 To determine β phase
crystallization in every sample, absorbance peaks related to the α and β phase at wavenumbers
764 and 840 cm-1 were evaluated. The level of β phase crystallization was calculated from
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Equation 3.1. Here, Aα and Aβ were absorbance for the α and β phase, respectively. Xα and Xβ
are the degree of crystallization for the α and β phases. 12 As can be seen from Table 3.2, the
stretching and poling processes lead to an increase in β phase formation to 60% in the treated
fibers compared to only 42% in the native PVDF powder. However, because of the melting
process parameters and the collecting speed used, the β phase formation is lower in the meltspun fibers at only 28% in comparison with the PVDF powder.

𝐹𝛽 =

𝑋𝛽
𝐴𝛽
× 100 =
× 100
𝑋𝛼 + 𝑋𝛽
𝐴𝛽 + 1.26𝐴𝛼

(3.1)

Table 3.2 Percentage of β phase formation in all PVDF samples
Sample

Aα

Aβ

Fβ

PVDF powder

0.3538

0.3324

42%

Meltspun PVDF

0.14348

0.07319

28%

Stretched & Poled PVDF

0.2365

0.4572

60%

FTIR is a well-known method for the analysis and quantitative determination of the crystal
structure in PVDF. According to the literature, the vibrational bands at 760, 796, 855, and 976
cm-1 are characteristic bands of the α phase, whereas the vibrational band at around 840 cm -1
denotes the β phase in PVDF.13
As shown in the FTIR spectrum for the melt-spun PVDF filament in Figure 3.5, the absorption
bands corresponding to the α phase clearly appear in the spectrum and are quite strong. In
contrast, the absorption bands which are attributed to the β phase are weak, which indicates
that the α phase is dominant in the undrawn PVDF filaments. Results also showed that the
degree of crystallinity in the filaments was determined by the melt draw ratio. Before the cold
drawing process (at 80 ºC) the crystalline structure of the fibers was predominantly in the α
form after which the stretching and poling process lead to an increase in the β phase formation
to 60%. The FTIR results indicated that drawing and poling processes could enhance β phase
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formation in the as-prepared stretched and poled PVDF fiber by more than 75% compared to
PVDF powder.
To enhance the piezoelectric properties in the PVDF filament, the β-phase crystallinity should
be present in higher concentrations since it displays the most effective piezoelectricity. Hence,
X-ray diffraction (XRD) of the samples (meltspun filament, stretched and poled PVDF and the
starting powder) was performed to evaluate the formation of this phase. Figure 3.6 illustrates
the XRD diffractograms of a typical β crystal phase peak at around 2θ = 20° which is assigned
to the total diffraction in (110) and (200) planes. The peak at 18.30° corresponds to the
reflection of the (020) plane of the α-phase.10 The ratio intensity of β to α phase is increased
from 1.21 to 1.58 for the meltspun PVDF compared to stretched and poled PVDF filaments.
Hence, this may suggest that most of the crystal phase in stretched and poled PVDF filament
has been changed to β-phase by the cold drawing (at the temperature of 80 ºC) and poling
process, whereby the β-phase crystal structure becomes dominant with some transitions or
mixtures of α and β phases.

Figure 3.6 X-ray diffraction patterns for the powder, as-prepared melt-spun, stretched and poled PVDF
filament.
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The ratio intensity for PVDF powder (1.63) is higher than meltspun filament (1.21) because
the α phase peak intensity for the meltspun PVDF filament is higher than in the PVDF powder.
As previously explained, during melt-spinning of the filaments the collecting speed was low
which leads to higher α phase formation in the melt-spun fiber when compared to the powder.
The level of β phase formation is related to the take-up speed of the collector and axial drawing
of filaments and so this phase is more predominant in stretched and poled PVDF filaments.
The X-ray diffraction patterns show that the intensity ratio of the β to α phase was increased
from 1.21 to 1.58 in the as-prepared stretched and poled PVDF fiber compared to the as-spun
PVDF fiber. In addition, thermal analysis of the PVDF fiber indicated that the formation of the
β phase crystalline structure in the as-prepared PVDF fibers was found to be 67.5% and 71.2%
for the as-spun PVDF fiber and stretched and poled PVDF fiber, respectively. Further
investigation of the PVDF powder and filaments was carried out by measuring the melting
temperature and melting enthalpy using DSC (Figure 3.7). Based on the DSC thermograms,
the melting temperature (Tm) of stretched and poled PVDF filaments (171 °C) was lower than

Figure 3.7 DSC patterns for powder, Melt-spun, Stretched and Poled PVDF filaments in triaxial braid structure

104

the meltspun PVDF filaments (173 °C). This indicates that more β-phase crystals had been
formed during the cold drawing process. The crystalline structure of β-phase PVDF has a lower
melting temperature than α-phase PVDF.14 It can also be seen from Figure 3.8 that the melting
enthalpy of stretched and poled PVDF filaments (ΔHm = 74.46 J g−1) is more than the meltspun
PVDF filaments (70.60 J g−1). These results confirmed that the formation of the β phase
crystalline structure in the stretched and poled PVDF filaments is higher than in the meltspun
filaments (around 67.5% for meltspun PVDF filaments and 71.2% for stretched and poled
PVDF filaments). Gheibi et al.15 have done the same analysis in a comparison of β-phase
formation in electrospun PVDF nanofiber mats and granules. The melting enthalpy of PVDF
nanofibers (ΔHm = 68.22 J g−1) is much more than that of the granules (41.70 J g−1). As a result,
there is an increase in crystallinity for electrospun nanofiber mats, which confirmed the
formation of a new crystalline structure (β phase) in electrospun nanofiber mats.15 The degree
of crystallinity, ∆Hc was measured as the ratio between ∆Hm and ∆H100 , where ∆H100 is the
melting enthalpy of totally crystalline PVDF material (∆H100=104.5 J g−1for α phase and ∆H100
=103.4 J g−1 for β-phase by using the Equation 3.2 as below:16

∆𝐻

(3.2)

∆Hc = ∆𝐻 𝑚 × 100
100

In fiber production, melt spinning is generally followed by cold drawing (drawing at a
temperature below the crystal melting point) of the fiber, as undrawn fibers exhibit poor
mechanical properties, such as low stiffness, high strain to break, and high irreversible
extensibility. Drawing is an irreversible elongation of an as-spun material in the solid state.
Both cold-drawn and non-stretched PVDF filaments were mechanically tested to determine the
effect of longitudinal stretching on the polymer filament (Figure 3.8). Tenacity test results show
that tensile strength of stretched PVDF filament is higher than non-stretched PVDF filament.
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Hadimani et al.17 did mechanical test for poled and unpoled PVDF filament the results showed
that higher force needed to break the poled PVDF fibers which proved that poling process
increased the strength of PVDF fibers. Gomes et al.18 have studied the effect of stretching ratio
and temperature on α to β phase transformation in PVDF. They observe that variations in the
phase content are accompanied by changes in the degree of crystallinity and the microstructure
of the material, and these changes have a significant impact on the macroscopic piezoelectric
and ferroelectric response of the material.

Figure 3.8 Stress strain curves for the as-prepared stretched and non-stretched PVDF filament

The mechanical properties and morphology of the as-prepared melt-spun PVDF fiber have
been investigated. The mechanical properties of the as-prepared stretched PVDF fibers (Figure
3.8) show that the ultimate tensile strength, elastic modulus and elongation at break were 110
MPa, 843 MPa and 58%, respectively, and they are significantly stiffer and stronger than the
unstretched filament (Table 3.3). While the tensile strength and the elastic modulus of the asspun PVDF fiber are similar to those of a previously reported PVDF fiber, the elongation at
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break of the as-prepared PVDF fiber was almost double that of the melt spun PVDF fiber
reported by Leal and co-workers.19
Table 3.3 Measurement results taken from the Shimadzu tensile tester

Non-Stretched filament
Stretched filament

Stress (MPa)

Strain (%)

37
110

178
58

Young's modulus
(MPa)
354
843

3.3.3 Effect of poling voltage on piezoelectric response
The poling process, which is a combination of extension, heating, and exposure to high voltage,
is considered as an effective method to improve the power generation capability by reorientation of the dipole moments. Mandal et al.20 used IR analysis of dipole orientation during
electrospinning. The results show that dipole orientation analysis can be done based on the
asymmetric and symmetric stretching vibrational modes of CH 2. Here poling process was done
for PVDF fibers along the filament length as described in section 2.2.8. During the PFM test,
when the DC bias field is zero (Point A in Figure 3.9), the remnant polarization is positive, and
a detectable amplitude can be obtained. When a positive DC field is applied (Point B in Figure
3.9), the positive polarization is enhanced, since the PVDF electrets experience a barrier
discharge. Thus, the amplitude is greatly increased, and the phase remains the same as that at
Point A. When the voltage decreases, the amplitude will also decrease due to an inverse barrier
discharge in the PVDF filament. When the DC field changes to negative (Point C in Figure
3.9), the polarization reverses to be negative but its magnitude is considerably smaller than the
value at Point B as a result of the large positive internal bias field induced during corona poling.
Therefore, the amplitude at Point C is considerably smaller than that at Point B, leading to the
strongly asymmetric amplitude butterfly curve shown in Figure 3.9a. Meanwhile, as the
polarization direction at Point C is opposite to that at Point B, the phase difference 21 is 180° ,
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which is also close to the experimental observations in Figure 3.10.To evaluate the extent of
penetration of the poling voltage along the fiber length and its effectiveness, PFM testing was
carried out using the 10 mm PVDF fiber poled with 9 kV. PFM amplitude responses as a
function of distance along the fiber from the positive poling electrode are shown in Figure
3.11a. As can be seen from Figure 3.11a, the piezoelectric response was sensitive to the

Figure 3.9 Mechanism of amplitude butterfly curve and phase hysteresis Loop of cellular PP thin film during
SS-PFM testing21

distance from the electrode such that the maximum output amplitude for the poled PVDF
filament occurred at less than 1 mm distance from the positive poling electrode. Consequently,
PFM characterization of the poled PVDF fibers of more than 40 mm in length was not carried
out due to insufficient piezo responses. The results of PFM phase responses as a function of
fiber length for the sample with 10 mm length in the vertical direction are shown in Figure
3.11b. The amplitude versus Vdc loop was measured by applying a voltage of −25 V to +25 V
to the tip with respect to the ground. As can be seen from Figure 3.11b, the amplitude versus
Vdc curves are hysteretic and the shape of the loops strongly resembles the butterfly loop
normally observed in piezoelectrics.7 However the results of piezoresponse in the horizontal
direction were insignificant. The phase of the PFM response signal is directly related to the
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direction of the electric polarization of the microscopic region of the PVDF fiber under the tip.
Thus, the hysteretic switching of the response signal phase by 180° in response to a sweeping
DC voltage is attributed to the switching of the direction of polarization of the PVDF dipoles
along the direction of the electric field.

Figure 3.10 Amplitude butterfly curve test results for the as-prepared poled PVDF fiber with 10 mm length
at 5 positions along the length from a) to e) respectively.
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Figure 3.11 PFM amplitude responses as a function of fiber length for (a) the as-prepared 10 mm poled PVDF
fiber, (b) local PFM phase hysteresis loop and piezoelectric butterfly loop of the as-prepared poled PVDF fiber with
10 mm length and 200 μm thickness by switching the voltage from −25 to +25 V (±1.5 kV cm−1 electric field) and (c)
asymmetric amplitude butterfly curve for 20 mm length.

nearly symmetrical butterfly-shaped amplitude curves (Figure 3.11). However, the PFM results
for the poled PVDF fiber with 20 mm length in Figure 3.11c shows an asymmetric butterfly
amplitude curve. These results confirm that the poling process was most effective when the
fiber length was less than 10 mm. Microstructural images of poled and unpoled PVDF
filaments were captured at the same magnifications and compared. Figure 3.12 shows SEM
images of (a) the unpoled and (b) the poled PVDF filaments. Although some authors have
reported that there are some obvious differences in the surface morphologies of the two fibres
22

with the surface of the unpoled fibre appears not to contain many voids whereas the poled

fibre show surface roughness in the form of enhanced pitting of the surface 22. However, here
the SEM images for the examined samples show that there is no visible difference.
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Figure 3.12 SEM images of PVDF filament surfaces: a) unpoled, b) poled sample.

The piezoelectric performance of the PVDF fiber has been further analysed by investigating
the deformation and changes of the surface topography of the fiber through the PFM process.
A variable voltage (0, 2.5, 5, 7.5, and 10 V) was applied onto the fiber surface at a single test
point. As can be seen from Figure 3.13 and Table 3.4, roughness of the PVDF fibre was
significantly increased when an increasing voltage up to 10 V was applied. This roughness
change was switchable and could disappear when the voltage was removed. Table 3.4 shows
the roughness changes for the PVDF fiber and its vibration. This phenomenon can be explained
by the piezoelectric behaviour of the PVDF fiber and confirmed piezoelectric response of the
as-prepared PVDF fiber.
Table 3.4 Deformation (surface topography) of the as-prepared PVDF filament as a function of applied voltage
Applied
Voltage (V)
0

Deformation (pm)

2.5

14.481

5

34.298

7.5

54.074

10

72.372

7.642
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Figure 3.13 PFM topography images of the as-prepared PVDF fiber as a function of applied voltage: (a) 0, (b)
2.5, (c) 5, (d) 7.5 and (e) 10 V.

3.3.4 Fabrication of wearable energy harvesters
A new strategy of a triaxial architecture based on a piezoelectric PVDF fiber, silver coated
nylon and braiding technology has been developed to manufacture continuous lengths of the
wearable energy harvesting generator. The triaxial braided PVDF structure fabricated here has
a number of practical advantages including the ability for mass production, a practical
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architecture which is suitable for poling and charge collection for unlimited length energy
harvesting devices while also being flexible and robust with the outer braid providing more
protection from general physical damage.
As the PFM results indicate that a high performance piezoelectric PVDF fiber requires short
distances between poling electrodes, the design adopted here promotes poling along the fiber
radial direction. The developed triaxial braided structure enables poling between the inner and
outer electrodes where the PVDF fiber is as an intermediate structure (Figure 3.14). The
direction of the applied force and the direction of the produced dipoles are the same when the
structure is compressed, hence making d33 the active mode (transverse mode).23 The triaxial
braided PVDF fiber has been successfully fabricated using the melt-extruded PVDF fiber and
commercial silver coated nylon. These braided structures were exceptionally flexible and
lengths of up to 100 m were prepared and only limited by the availability of the PVDF fiber.

Figure 3.14 Photograph of the cross-section of the fabricated energy harvesting generator based on triaxial braided
PVDF fibers; (a) and (b) silver coated nylon as outer and inner electrodes, respectively, and (c) braided
piezoelectric PVDF fiber.
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3.3.5 Mechanical energy harvesting performance
To characterize the mechanical energy harvesting performances of the developed textile
piezoelectric generators an impact test was carried out by dropping a ball from two different
heights onto the surface of the braided devices that was fixed to a rigid structure. The dropped
ball bounced a number of times before coming to rest and each impact generated a voltage peak
with the peak intensity diminishing with time. A 2 cm long braided energy harvesting sample
produced an open-circuit voltage of ∼230 mV (Figure 3.15a) and ∼380 mV (Figure 3.15b) at
an applied pressure of 0.017 MPa and 0.023 MPa, respectively. The pressure was the peak
pressure measured using a pressure sensor (Flexiforce Pressure Sensor – 25 lbs) located
underneath the sample. As can be seen from Figure 3.15a and b, from each drop event onto a
sample surface, two peaks appear in the output voltage: the first corresponds to the applied
force, resulting in a negative voltage output, while the second corresponds to the relaxation of
the sample after the load has been removed, resulting in a positive voltage output. The intensity
of the generated voltage peaks decreased over time as the applied energy from the bouncing
weight dissipated as it came to rest. In addition, the developed triaxial braided PVDF structure
showed asymmetric output voltages and provides more negative voltage during the impact test.
This phenomenon could be explained by synergistic triaxial-architecture design which
enhances the contact area between the PVDF braid and electrodes during the impact test that
would be capable of transferring more negative charge after compressing. The voltage output
of the developed triaxial braided energy generator as a function of applied impact pressure is
shown in Figure 3.15c. The voltage output increases up to 465 mV with increasing the applied
impact pressure up to 0.09 MPa. It was observed that beyond a certain threshold of impact
(0.09 MPa), the voltage output from the triaxial braided energy harvester was abruptly reduced
to zero. In fact, the lower resilience of the triaxial braided structure was momentarily
compressed and sheared to such an extent that the two opposite conducting ends shorted out
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Figure 3.15 The mechanical energy harvesting performance of developed triaxial braided piezoelectric fibers: (a)
and (b) output voltage for the 2 cm fabricated device at an applied impact pressure of 0.017 MPa and 0.023 MPa,
respectively. The inset shows voltage output time for the first peak. (c) Variation of current and peak power output as a
function of applied impact pressure for the developed triaxial piezo energy generator and (d) the peak values of the power
and voltage for the fabricated device (obtained at an impact pressure of 0.023 MPa).

each other and hence no output was observed. The power output of the developed triaxial
energy harvesting textiles has been measured using an impact pressure of 0.023 MPa, which
provided a reproducible response without causing any damage. Regards to the relationship
between load resistance (R) and output (V) (P=V2/R) by increasing load the voltage will
increase but after 400 KΩ, load increasing rate is more than voltage with leads to lower power
output. As can be seen from Figure 3.15d, the piezoelectric textile generator provided a
maximum power output of 0.16 μW which is corresponding to a voltage output of 380 mV at
an applied impact pressure of 0.023 MPa. This applied impact pressure is ∼22% lower than
previously reported for the 3-D spacer piezoelectric textiles.11 An in-house setup was
constructed to apply a continuous pressure of 0.0145 MPa on the sample and a bridge rectifier
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(4 diodes of 1N4004) was placed in the circuit to feed a capacitor. The generated voltage after
rectification is 350 mV (Figure 3.16) and its power is 52.59 μW cm−3.

Figure 3.16 The rectified voltage from continues impact pressure of the developed triaxial piezo braided
structure using an in-house setup.

The power output from the developed triaxial braided PVDF energy generator is much higher
than those reported for energy generators based on PVDF films and fibers. The power density
of the developed piezoelectric textile energy generator was found to be 29.62 μW cm−3 (5700
μW kg−1) based on the volume and mass of the PVDF fibers. The value is ∼1559% higher than
previously reported (1.78 μW cm−3) for the piezoelectric textiles.5 The power outputs of the
developed triaxial braided piezoelectric energy harvester and pervious piezoelectric PVDF
energy generators are compared in Table 3.5. Ideally, wearable energy harvesting generators
should be elastically stretchable and bendable to ensure a close fit, enhance wearer comfort,
and increase the range of human motions accessible for energy recovery. In addition, the
stability of the energy harvesting textiles is a critical issue for practical applications.
Consequently, we performed a bending cycling test with a triaxial braided energy harvesting
generator to evaluate the effect of bending on the voltage output and stability of the developed
device. The bending cycling test was carried out using a periodic compression strain test where
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Table 3.5 Comparison of the power output of the energy generator based on piezoelectric PVDF films and
fibers
Material

Type

Power

ZnO+CNT

Film casting

18.75 µW

alkaline niobate-based
particles (KNLN)

Film

0.5mW

PVDF-HFP-TEA-BF4

yarn

-

PVDF

Filament yarn

0.1 mW

PVDF

3D spacer fabric

-

P(VDF-TrFE)

electrospun
webs

-

PVDF

monofilament

2.79 nW

PVDF

nanofiber

-

PVDF

film

-

PVDF–NaNbO3

Nanofilm

14.96 μW

BaTiO3/P(VDF-TrFE)

electrospun
membrane

0.02 -25
μW

BaTiO3

Thin Film

-

P(VDF-TrFE) and BaTiO 3

Electrospun
Fiber

-

PVDF

Meltspun

0.7 mW

PVDF+CB

Meltspun

15 nW

PVDF+ZnO

Film (hybrid
device in planeshape)

-

PVDF

nanofiber

0.12 nW

PVDF+ZnO

Film and
nanowires

-

PVDF+PZT

Film

1.3 mW

PVDF+BTZO

Film

15.8nW

Film

-

PVDF+ Activated Carbon

Film

-

PVDF+Graphitic Carbon
Nitrid

Film

-

PVDF-Niobate-Based

PVDF+GO+AlO
PVDF

Nano composite
film
Triaxial Braided
Piezo Fibers

-
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Power density

Reference

-

24

-

25

43 µWh /cm2

26

1.10–5.10
µW/cm2
5.9mW/cm3

5

11

27

-

28

-

29

65 nW/cm2

30

16.2 μW/cm3

23

-

31

7
mW/cm3
16
µW/cm2
-

32

33

34

-

35

16
µW/cm3

36

-

37

0.17
mW/cm3
-

38

39

2.52nW/cm2

40

11.7 µW/cm2

41

63.07
mW/m2
100
mW/cm2
27.97 µW/cm3
29.62 µW/cm3

42

43

44

This Work

the end-to-end distance was reduced by buckling to 50% at a deformation rate of 300 mm
min−1 over 1000 cycles. As can be seen from Figure 3.17a, the output voltage was found to be
150 mV with a power density of 4.62 μW cm−3 or 1090 μW kg−1 for up to 1000 bending cycles
at a frequently of 0.6 Hz. These results indicated that the triaxial textile energy generator is
extraordinarily flexible and stable for thousands of cycles with no change in its performance
(Figure 3.17b). The bending deformation of the energy generator provided a lower voltage and

Figure 3.17 Characteristics of the developed triaxial braided piezoelectric textile during the bending cycling test:
(a) the voltage output of the triaxial textile energy generator with a maximum strain of 50% and at 0.25 Hz and
(b) the stability of performance of the triaxial braided piezoelectric textile in the bending test during 1000 cycles to a
maximum strain of 50% and at 0.6 Hz.

power output (∼150 mV and 4.62 μW cm−3) compared with the impact test (∼380 mV and
29.62 μW cm−3) due to the greater stress exerted on the sample fibres during the impact test. It
is recognised that the low energy density of piezoelectric devices at low frequency and static
load sources have limited their application. The lowest frequency reported for PVDF devices
has been limited to between 1 and 10 Hz.45 Our results indicated that the developed triaxial
braided energy generator overcomes this limitation with significant energy harvesting cycling
at very low speed (0.25 Hz). This frequency is comparable to that of normal human walking,
so that our textile energy harvester could be utilized for diverse applications such as selfpowered wireless sensors and powering wearable electronic devices (i.e. electronic textiles).
The sensitivity of the as-prepared triaxial piezoelectric textiles was evaluated using output
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voltage divided by the applied force.46 The results indicated that the triaxial piezo energy
generator exhibited an almost 4-fold increase in the value (1.6 V/N) compared to those
previously reported.25 Furthermore, we have explored the scaling of the triaxial textile where

Figure 3.18 Photographs of (a) the fabricated triaxial braided energy harvester based on meltspun PVDF and
silver coated fibers, (b) silicone coated triaxial braided energy generator, (c) fabricated woven textile energy
generator based on triaxial braided piezo fibers with five devices in parallel, and (d) a spool of the as-prepared triaxial
braided piezoelectric energy harvesters.

multiple mechanical energy harvesters are assembled to meet specific energy and power needs
for practical applications. As shown in Figure 3.18, a fabricated woven textile energy generator
based on triaxial braided piezo fibers with five devices in parallel was assembled. This device
provided a voltage output of ∼380 mV and a power output of 0.8 μW at an applied pressure of
0.023 MPa. The textile energy generator can be integrated with a soft and stretchable silicone
material to provide protection from the environment including washing. Interestingly, the
voltage output of the silicone coated triaxial braided energy generator was enhanced by more
than 108% compared to that of the device without coating. This improvement may be due to
better packaging of fibers within the silicone coated device which could improve the efficiency
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of the charge collection as well as supporting the mechanical performance of the device. Also
as a demonstration, the developed triaxial braided textile energy generator can charge a
commercial battery or capacitor from tensile and bending deformations.

3.4 Conclusion
In summary, a new strategy of synergistic triaxial-architecture design based on piezoelectric
fibers, conducting fibers, and braiding technology is developed to manufacture a new class of
wearable energy harvesting generators. A novel triaxial piezoelectric textile energy harvester
has been developed with a view to enhance both the piezoelectric performance and mechanical
properties of the developed energy harvesting generator through a fabrication process. The
triaxial braided energy generator has been fabricated using high-performance PVDF fibers as
the piezoelectric polymer and silver coated nylon as inner and outer electrodes though a meltspinning and braiding process. We demonstrate novel triaxial braided textile harvesters that
piezoelectrically convert tensile mechanical energy into electrical energy. Compressing or
bending braided PVDF yarns generated a maximum output voltage of 380 mV and a power
density of 29.62 μW cm−3 which is ∼1559% higher than previously reported (1.78 μW cm−3)
for piezoelectric textiles. It is found that the developed triaxial energy generator exhibits
significantly higher sensitivity by a factor of 4 in compared with the PVDF energy generator.
Unlike other piezoelectric harvesters, the triaxial braided PVDF yarn achieves tensile energy
harvesting and shows extreme durability which enables cycling with up to 50% strain for thousands
of cycles with no changes in its performance. Finally, the fabricated triaxial braided piezoelectric
energy harvesting textile provided an efficient and novel way to overcome the stability issues due
to the poor fatigue resistance of the metallic electrodes. The triaxial braided piezofiber is strong,
lightweight and exceptionally flexible and it is expected to be applicable to wearable devices where
high performance is necessary.
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Chapter 4

__________________________________
Wearable Electronic Textiles from Nanostructured
Piezoelectric Fibers

This chapter is an edited version of the following published journal article: Mokhtari, F.;
Spinks, G. M.; Fay,C.; Cheng, Z.; Raad, R.; Xic, J.; Foroughi, J., “Wearable Electronic
Textiles from Nanostructured Piezoelectric Fibers”, Advanced Materials Technologies, 2020

4.1 Introduction
PVDF base materials showed limited piezoelectricity and power output because their active
material was based on ferroelectric polymers with high piezoelectric voltage constant but a
low dielectric constant (ε ~ 30). One potential method to increase the dielectric constant of
the PVDF polymers is to introduce high dielectric constant materials such as inorganic
piezoelectric materials (i.e. barium titanate

nanoparticles) into the PVDF matrix.1
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However, inorganic piezoelectric materials, such as, lead zirconate titanate (PZT) 3, barium
titanate (BT) 4, sodium niobate 5, lead magnesium niobate lead titanate 6 and zinc stannate
(Zn2SnO4)7 have high significant piezoelectric performance but their rigid nature limit their
application in flexible self-powered devices.2 Hybrid piezoelectric composites for energy
harvesting based on barium titanate (BT) is attractive because of its high-dielectric-constant
(ε ~ 2000), low cost, natural abundance, and environmental friendliness. However,
overcoming the limited flexibility and durability of the BT still remains an unavoidable
challenge to be addressed for optimization of its energy harvesting performance.
Consequently, several research groups have introduced some structural strategies for
piezoelectric polymer design to enhance the piezoelectric efficiency by incorporating
inorganic piezoelectric nanostructures as an effective piezo electron pathway. 8 Using this
strategy the voltage and current outputs of the P(VDF-TrFE) nanofibers could be enhanced
up to 200% by adding BT nanoparticles into the polymer matrix. 9 It was also reported that
flexible piezoelectric energy generators based on PVDF-HFP/ BT composite film exhibited
high electrical output up to ∼75 V and ∼15 μA.8 Furthermore, a novel strategy was
developed to improve the interface effect of PVDF/ BT nanocomposites to enhance energy
density from 6.5 to 9.01 J cm –3.10 Nevertheless, such polymer based energy harvesters still
has limitation of complex fabrication methods and low flexibility which could be problems
to expand their applications in wearable electronics. To solve these problems, we explore a
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novel approach to develop high performance textiles-based energy harvesting devices as
next generation wearable energy generators and sensors. Here, different variation of textile
designs from melt-spinning, knitting, weaving and braiding with the capability of low-cost,
high production speed and high performance are developed. The high-performance PVDF
piezoelectric nanocomposites fibers with and without BT nanoparticles were produced
through a melt-spinning process. The effect of BT nanoparticles additions on the
piezoelectric properties of hybrid PVDF/BT fibers with different ratio of the BT
nanoparticles was investigated by fabricated these fibers into triaxial braided energy
harversters, as previously reported.11

Figure 4.1 Schematic illustration of the fabrication of the wearable knitted energy generator from
nanostructured hybrid PVDF/BT fibers

The optimised PVDF/BT nanocomposite fibers were then used to create wearable woven
and knitted energy harversters and strain sensors. The wearable energy harvesting textile
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fabrics were made from developed piezoelectric fibers (Figure 4.1). A seamless feed-in
process for integrating conductive fibers as electrodes with piezoelectric fibers was
established to allow continuous fabrication of the energy harvesting textiles. As-fabricated
knitted, triaxial braided and woven energy harvesting devices provide better mechanical
properties (i.e. durability, flexibility and comfort) and piezoelectric performance in compare
with PVDF fibers. The developed textile energy harvesting devices are durable, light and
flexible and it is expected to be practical for wearable devices with high performance in near
future.

4.2 Experimental
4.2.1 Fabrication of Wearable Energy Harvester
4.2.1.1 Knitted Wearable Energy Harvester
Knitted wearable sensors and energy generator based on as-prepared nanostructured PVDF and
hybrid PVDF/BT fibers have been developed using circular knitting machine as explained in
section 2.2.9. As can be seen from Figure 4.2a, as-prepared melt-spun piezoelectric fibers were
suitable for direct use in a knitting machine and could sustain the applied mechanical stress and
strain during the knitting process without breakage.
To assemble the knitted wearable energy harvester device (Figure 4.2b,c), the commercially
available woven conductive fabric as inner and outer electrodes with thickness of 80 µm was
embedded inside and outside of the knitted structure (Figure 4.2d). The use of the circular
knitting would be able to provide protection against short circuiting by surrounding the inner
electrode by the knitted structure. In addition, electrode bands could be fabricated into the
knitted structure as needed and for example a wearable knitted device with two knitted
electrodes into the structure has been developed.
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Figure 4.2 a) The process for producing a knitted structure by circular knitting machine, b) Circular knitted
structure of PVDF/BT fiber, c) magnified image of loops formation in knitted structure, d) optical photograph of
the circular knitted piezo generator (i) conductive woven fabric as electrodes and (ii) knitted PVDF/BT fiber as the middle
layer.

4.2.1.2 Woven Wearable Energy Harvester
Wearable energy generator and sensors based on as-prepared PVDF and PVDF/BT
nanocomposites fibers were developed through weaving process. The preparation was based
on plain weave structure which is each weft yarn passes above and below (riser and sinker) the
warp yarns repetitively so forming a simple cross pattern (Figure 4.3). In the plain weave the
short length of yarn intertwined between warp and weft yarn which produces a fabric with high
density and consequently prevent short circuits between two electrodes. Moreover, the plain
weave structure has

a homogeneous surface to provide moderately constant electrical

propeties.12 The thickness of the developed PVDF and PVDF/BT woven structure was 260 µm.
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The linear density of as-prepared PVDF and PVDF/BT woven structure were 0.057 and 0.029
g cm-2 respectively.

Figure 4.3 Woven structure of: a) pure PVDF fiber, b) PVDF/BT fiber and c) magnified image of PVDF/BT
woven structure

To assemble the woven wearable energy harvester device, the commercially available woven
conductive fabric as electrodes with thickness of 80 µm was attached to the top and bottom of
as-prepared fabric using a sewing machine. (Figure 4.4)

Figure 4.4 a) Plain woven PVDF/BT structure, b) connecting conductive woven fabric to the structure and c) final
structure for woven PVDF/BT filaments with two electrodes on top and bottom.
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4.2.2 Morphology

and

Characterization

of

PVDF

and

PVDF/BT

Nanocomposite
Scanning Electron Microscopy (SEM) was applied to reveal the morphological variations of
PVDF/ BT films and fibers prepared with different ratios of BT to PVDF. As can be seen from
Figure 4.5, an agglomerated structure occurred in the PVDF/BT nanocomposite film that were
cast from solution and when the amount of BT nanoparticles was more than 10 wt% in the
polymer matrix.

Figure 4.5 SEM image of as-prepared cast films:a) neat PVDF, b) PVDF/BT (5%wt), c) PVDF/BT (10%wt), d)
PVDF/BT (15%wt), e) PVDF/BT (20%wt), f) PVDF/BT (25%wt).

Both neat PVDF and hybrid PVDF/BT were prepared in a two-stage process involving film
casting followed by melt spinning. Films were cast containing 0, 5, 10 and 20 wt% of the BT
nanoparticles. Due to agglomeration for PVDF/BT composites of 25 wt%, this composite did
not study anymore. The as-prepared ground PVDF/BT nanocomposite film was fed into an
extruder to aid homogenisation by shear forces and flow pressure. It was found that preparing
nanocomposites with more than 10 wt% of BT was difficult due to the limited mobility of the
polymer chains even at the molten state and this method was not able to disperse the aggregated
BT particles within the polymer properly.13 SEM micrographs of the as-spun PVDF and
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PVDF/BT nanocomposite fibers are shown in Figure 4.6. As can be seen from the surface
morphology and cross-section (Figure 4.6a-d), both melt-spun PVDF and hybrid PVDF/BT
fibers are very smooth and without any observable porosity or voids. SEM images of the crosssection of PVDF/BT nanocomposite fiber shows a very dense structure with the uniform
distribution of nanoparticles throughout the fiber (Figure 4.6b-c). The BT nanoparticles in the
polymer matrix can be seen clearly in the fiber cross-section at the higher resolution (Figure
4.6e). Figure 4.6f shows nanostructured BT nanoparticles. As is shown from elemental
mapping analysis in Figure 4.6g (i, ii, iii), the hybrid nanoscopic structure of the melt-spun
PVDF/BT was confirmed through the overlapped Ti, Ba, F mapping images (Figure 4.6g). The
phase transformations of the as-prepared PVDF and hybrid PVDF/BT fibers following

Figure 4.6 SEM images of the as-spun PVDF and PVDF/BT fibers a) surface of PVDF fiber, b) cross section of
PVDF fiber, c) surface of PVDF/BT (10 wt%), d) cross-section of PVDF/BT at low and e) higher magnification.
f) Nanostructured BT nanoparticles. (g) elemental mapping analysis performed on the hybrid PVDF/BT (10 wt%)
fiber cross-section area i) the location of titanate (Ti green dots), ii) barium (Ba red dots) and iii) Fluoride (F blue
dots)
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different amounts of additive (BT) was scrutinised using FTIR, DSC, TGA and X-ray
diffraction. Piezoelectric properties of PVDF fibers can be enhanced with a higher fraction of
β phase. The FTIR results (Figure 4.7a) indicated that the ratio of the BT nanoparticles in the
polymer matrix could affect β phase formation in the PVDF/BT nanocomposite fiber
(Figures 4.7a). The vibrational bands at 764 cm−1, 976 cm−1 are attributed to the non-polar α
phase, whereas the characteristic peaks at 841 cm −1 and 1276 cm−1 correspond to the
electroactive β phase.14 The relative fraction of the β-phase in a sample containing just α and βPVDF was calculated from Equation 3.1. The characteristic peaks of the α phase severely
decrease in the PVDF/BT fiber in compared with the pure PVDF which signify that adding BT
nanoparticles is a highly efficient method of inducing fraction of the polar β phase.

Figure 4.7 Characterisation of the melt-spun PVDF and PVDF/BT nanocomposite fibers with different percentage
of BT nanoparticles (5%, 10%, 20% wt): a) FTIR spectra of PVDF and hybrid PVDF/BT fibers, b) The variation
of the calculated β phase contents of the PVDF fiber as a function of the percentage of BT nanoparticles (%wt),
c) X-ray diffraction patterns for PVDF and hybrid PVDF/BT fibers, and d) Stress–strain curves obtained from
tensile tests of PVDF and PVDF/BT nanocomposite fibers.
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The variation of β phase fractions for as-prepared PVDF and PVDF/BT nanocomposite fibers
is shown in Figure 4.7b and Figure 4.8 for nanocomposite films.

Figure 4.8 Variation of β phase contents and output voltage of the as-preapred PVDF/BT naoncomposites films
as function of percentage of the BT nanoparticles.

As can be seen from Figure 4.7b, the as-prepared PVDF/BT nanocomposite fibers exhibited a
higher proportion of β phase compared to pure PVDF fiber. The β phase content increases from
51% for pure melt-spun PVDF fiber and reaches a maximum value of 98% for as-prepared
PVDF/BT nanocomposite fiber containing 10 wt% of BT nanoparticles. The β phase content
of the PVDF/BT nanocomposite fibers decreased because of increasing BT percentage for
more than 10% wt. This phenomenon could be explained through the effect of filler on the
physical and mechanical properties of the polymer matrix. It was observed that noticeable
increase in β phase initiates from the interaction enhancement between the local electric field
close to the nanoparticle filler and the PVDF dipoles.15 However, increased defects for the case
of too much BT content prevent segmental motion and asymmetrical β-phase formation which
due to a decrease in F(β) from PVDF/BT(10wt%) to PVDF/BT(20wt%).16 The X-ray
diffraction patterns in the 2θ range of 10-60° for PVDF and PVDF/BT nanocomposite (Figure
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4.7c) show raising in the intensity ratio of the β to α phase for as-prepared PVDF/BT
nanocomposite fiber in comparison with PVDF fiber. Moreover, the peaks related to
crystallization plane of the (020) and (110) reflect β phase formation at 20.6°, indicate the
existence of α and β phase. Peaks at 2θ ~ 22.2° which correspond to the (001) and (100) in asprepared PVDF/BT nanocomposite fibers is an evident for tetragonal BT nanoparticles. 17
Because of optimisation process during meltspinning process including feeding rate, heating,
die size and drawing ratio the α phase peak at 2θ ~ 17.6° removed in compare with previous
fiber fabrication (Figure 3.6). Due to the addition of BT modifications in the crystallinity of
PVDF have been investigated on the basis of the obtained X-ray pattern. As the concentration
of BT increases, the intensity of standard peaks in the X-ray pattern of PVDF decreases and
slightly displaces towards shorter angle. These peak shifts indicates the existence of specific
interaction between the different phases of PVDF and BT.18 In addition, thermal analysis of
the PVDF and hybrid PVDF/BT fibers specified that the crystalline structure formation in the
as-prepared piezoelectric fibers are 41, 62, 65 and 48% for the as-prepared PVDF, PVDF/BT5,
PVDF/BT10 and PVDF/BT20 fibers, respectively (Figure 4.9).

Figure 4.9 TGA curves of PVDF and PVDF/BT nanocomposite fibers with different amount of the BT
nanoparticles

134

The thermal behaviours of the PVDF/BT nanocomposites were investigated using a differential
scanning calorimeter (DSC) (Figure 4.10). Four samples of each nanocomposite material,
about 5 mg, were directly cut from filaments with different concentration of BT. Melting
temperature and crystallinity were determined using the first heating (from 25 to 250 °C,
10 °C/min) data. The values of melting (Tm) temperatures and the crystallinity (Χc) which was
determined from the fusion enthalpy are listed in Table 4.1.

Figure 4.10 DSC patterns for PVDF and PVDF nanocomposite fibers with different amount of BT nanoparticles

As shown in Table 4.1, the position of the main fusion peak (Tm) was hardly altered by the
addition of BT particles (∼ 171 °C). Compared to the pure PVDF, the nanocomposite samples
exhibited higher crystallinity regardless of BT content. The crystallinity firstly increased with
increasing BT content up to 10wt%, which is due to the nucleating effect of BT particles, then
decreased at higher BT content (20wt%), resulting from the reduced chain mobility with a high
filler content. The as-prepared PVDF and PVDF/BT nanocomposite fibers have also been
investigated to evaluate the effect of BT nanoparticles on the mechanical properties. During
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melt spinning and cold drawing process fiber are continually under tension which brings tenacity
and elasticity for the final fibres.19
Table 4.1 Characteristic temperatures values obtained from the DSC data. Melting temperature Tm and
crystallinity Χc were determined from the first heating DSC curves.
Samples

Tm (°C)

Χc

PVDF

171.7

40.83%

PVDF/BT(5%)

171.35

62.11%

PVDF/BT(10%)

170.39

64.85%

PVDF/BT(20%)

170.5

47.5%

A comparison of the stress-strain curves for the various prepared fibers is given in Figure 4.8d.
As can been seen from Figure 4.11 and Table 4.2, the ultimate tensile strength and elastic
modulus of the prepared fibers have significantly increased for PVDF/BT 5 and PVDF/BT10
compared to PVDF fiber. Young’s modulus and tensile strength of the as-prepared PVDF/BT
nanocomposite fiber with 10wt% BT is 130% and 170% higher than pure PVDF fiber,
respectively (Figure 4.11a). The elongation at break of the as-prepared PVDF and PVDF/BT10
nanocomposite fibers were 137% and 80%, respectively. These values are 685% and 400%
higher than previously reported for melt-spun PVDF fiber.11,
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The use of 20% wt BT

nanoparticles in the polymer matrix produced PVDF/BT 20 fiber with significantly lower
Young’s modulus and tensile strength compared with the PVDF fiber. These results confirm
the reinforcing role played by BT nanoparticles in the PVDF fibers.
Table 4.2 Summery of mechanical properties of the as-preapred PVDF and PVDF/BT nanocomposite fibers
Sample

PVDF

PVDF/BT(5%)

PVDF/BT(10%)

PVDF/BT(20%)

Young's modulus (MPa)

681.4

839.1

891.1

411.8

Elongation at break (%)

136.88

117.88

79.338

180.36

Tensile strength (MPa)

97.93

102.31

167.461

74.9
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However, the decrease in mechanical properties of the PVDF/BT 20 fiber with addition of more
than 10% wt BT nanoparticles may be due to aggregation of nanoparticles and/or phase
separation of the polymer (Figure 4.5). This phenomena can be due to the stress-concentration
or low adhesion at the phase interface that would lead to the lower tensile strength and
modulus.21 22 23

Figure 4.11 Young's modulus and tensile strength of PVDF and PVDF/BT nanocomposite fibers at different BT
concentration.

4.3 Wearable Energy Generator and Sensor Performance
Initial evaluation of piezoelectric energy harvesting performance of the hybrid fibers used the
triaxial braided textile structure described in our previously reported results. 11 The dielectric
constant (εr) and dielectric loss (tan δ) of the as-prepared braided wearable energy generators
were measured at room temperature in a frequency range up to 106 Hz as shown in
Figure 4.12a-b. It was reported

16, 24, 25

that piezoelectric properties of PVDF nanocomposite

polymer could be significantly improved for the piezoelectric polymer with high dielectric
constant and low dielectric loss due to enhancing its electroactive β phase. The dielectric
constant influences the performance of a piezoelectric power generator. Higher dielectric
constants in harvester systems lead to larger power output. 25 It should be also noted that the
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piezoelectric coefficient is linearly proportional to the dielectric constant (ε) of the piezoelectric
materials, i.e., d33 ~ ε Pr, where Pr is the remnant polarization.26 The dielectric constant of the
braids prepared with the hybrid fibers was decreased with increasing frequency for all samples.
However, the dielectric constant values were higher in braids made with higher BT content
fibers due to the large dielectric constant of BT (Figure 4.12a). The gradual decrease in
dielectric constant when measured at higher frequencies can be attributed to the reduction in
dipole mobility where the dipoles are not sufficiently mobile to displace to the same extent
when the frequency of the applied electric field exceeds the relaxation frequency. 27 On the
other hand, the dielectric loss increased only slightly with increasing BT contents. The
dispersion of the BT nanoparticles into the polymer matrix increases the filler/
polymer interfacial area and formation of the β phase fraction and consequently increase

Figure 4.12 The dielectric properties of the as-prepared textile energy generator as a function of frequency: a)
dielectric constant of the braided energy generator; b) loss tangent of the braided energy generator; c-d) dielectric
constant and dielectric loss as a function of frequency for woven and knitted wearable energy generators based
on PVDF/BT10 nanocomposite fiber, respectively.

138

dielectric properties and decrease loss tangent (Figure 4.12c-d). Electroactive β phase
formation can be explained by the surface charge/ dipole interaction occurring between the BT
nanoparticles

and PVDF chains.28 The BT nanoparticles surface charge contribute

significantly in the electroactive β phase nucleation procedure. 29 This step-like decrease in
dielectric constant with frequency may be explained by the Maxwell–Wagner–Sillars
interfacial polarization mechanism.30 The voltage output of the braided PVDF and PVDF/BT
nanocomposite fibers occurring as a result of mechanical deformation caused by repeated
impact is shown in Figure 4.13 and Figure 4.8. Mechanical stimulation of the braid occurred
by compressing the braid between a solid flat surface and platen that was driven vertically by
an oscillating cam attached to a reciprocating motor. The amplitude and frequency of the cyclic
compression were initially kept constant to investigate the effect of fiber composition on the
piezoelectric output of the braided energy generator. An example of the developed braided
energy generator device is shown in Figure 4.13a. As can be seen from Figure 4.13c, the voltage
output of the triaxial braided energy generator was significantly improved due to synergistic
effects of piezoelectric BT nanoparticles incorporated into the PVDF piezoelectric polymer.
As-spun PVDF fiber generated a maximum voltage output of 480 mV, while the voltage output
of the braided PVDF/BT10 fiber was found to be 1100 mV. This value is 229% and 250%
higher, respectively, than PVDF fiber or previously reported for melt-spun hybrid PVDF/BT
fiber with the same 10 wt% content of BT nanoparticles. 11 31 The voltage output of the braided
PVDF/BT20 with more than 10 wt% BT nanoparticles generated a maximum voltage output
of 895 mV which is much lower compared to the braided PVDF/BT 10 fiber. The voltage output
can be estimated using the following expression:
V = g33 εYD

(4.1)

Which voltage output (V), strain (ε), Young's modulus (Y), piezoelectric voltage constant (g 33)
and the fiber diameter (D) have the above relation. The D and ε are similar in all the as-prepared
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hybrid PVDF/BT fibers, and the Y is higher in PVDF/BT 10 than that in PVDF/BT20
nanocomposite fibers (~891 and 412 MPa, respectively).
The measured V is higher in the as-prepared PVDF/BT10 fiber than that in PVDF/BT20 fiber,
but the combined analysis indicates the g 33 is much larger in PVDF/BT20 than in PVDF/BT10
meaning the piezoresponse in PVDF/BT20 fibers is more sensitive to external stress.16 Adding
piezoelectric nanoparticles to the polymer matrix can negatively affect the piezoelectric
performance of the composite because of the positive and negative piezoelectric co-efficient of
BT nanoparticle and PVDF polymer and cancelling their effect.24, 25, 32
The voltage output of the braided PVDF/BT10 energy generator device under cyclic impact was
further investigated. The generated positive and negative pulse signals corresponding to the
pressing and releasing process during a cyclic impact is shown in Figure 4.13b which was
selected and magnified from Figure 4.13c in the coloured background region. A graph of
instantaneous power at different load resistances is shown in Figure 4.13d. The power
generated by the as-prepared PVDF and PVDF/BT nanocomposites fibers was calculated
through Equation 4.2:
1

𝑃 = 𝑇∫

𝑈 2 (𝑡)
𝑅

𝑑𝑡

(4.2)

where U(t) is the real-time voltage integrated over time t, R is the external load resistance, and
T is the period of load application.33 With further increasing load resistance, the voltage starts
to increase up to 3V at the load resistance of 1000 kΩ. As a power source, the developed triaxial
braided PVDF/BT10 piezo fibers reaches the maximum power output of ~ 0.21 μW when the
load resistance equals to 400 kΩ. While the maximum power output and the load resistance for
Pure PVDF fibers are ~ 0.16 μW and 900 kΩ respectively. Although fibers output impedance
based on the measured voltage and current output is ~1MΩ but it is covered with internal
resistance of the Keithley which was used for measuring these data.
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Figure 4.13 a) Digital photograph of triaxial braided piezo fibers: i) illustration of energy harvesting mechanism,
ii) a bobbin of flexible triaxial braided energy harvester, b) effect of BT nanoparticle content (wt%) on open
circuit voltage of the as-prepared triaxial braided piezo fiber energy generators, c) the magnified image of the
open circuit voltage in the region of 101–106 s for the braided PVDF/BT10 nanocomposite fiber, d) the voltage
output and power dependence on the load resistance of the braided PVDF/BT10 which was obtained at an impact
pressure of 0.0031MPa.

The amount for the load resistance is in the range according to the latest researches

34 35 36

which depends on the filler type and sample thickness. To demonstrate the feasibility of
harvesting energy using the flexible triaxial braided piezo

nanocomposite fibers a bridge

rectifier (4 diodes of 1N5817) was placed in the circuit to feed a different capacitor under
mechanical pressures (Figure 4.14a). While this was the more conventional approach adopted
for this development stage, one can find a higher efficient circuit by Mirvakili et
al.37 Harvesting energy has a close relationship with the diode characteristics, and a diode with
low reverse leakage current is favourable so that the Schottky diode 1N5817 is one the best
options at this stage of development. For future, and more extreme target conditions, other more
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suitable options for higher frequency rates and lower drop voltages are recommended, e.g. Avago
HSMS-285C or SDM03U40.

Figure 4.14 a) Equivalent of the full wave rectifier circuit for charging a capacitor with resistance 430 kΩ, b)
Charging of the different capacitors by the power generated from the four parallel connections of the braided
PVDF/BT10 under periodic impact pressure, c) Charging−discharging (V−t) graph of one triaxial braided piezo
PVDF/BT10 structure across capacitor 10 µF and d) Charging capacitor in experimental and simulated fit for
magnified part of charging graph C.

Charging performance measurements were carried out upon mechanical force on the triaxial
braided piezo nanocomposite fibers (PVDF/BT10) in a RC circuit (Figure 4.14b) using different
capacitors (0.68, 2.2, 10 and 22 μF) . It was observed that the build-up voltage increases
exponentially and reaches a steady state as shown in Figure 4.14c. In order to calculate the
voltage across the capacitor (as shown in Figure 4.14d) during charging capacitor, Equation
4.3 was used which related to RC circuit charging:
−𝑡

𝑉𝑐 (𝑡) = 𝑉(1 − 𝑒 𝑅𝐶)

(4.3)
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Where C is the capacitance of the capacitor, R is the resistance in RC circuit. The time constant
(𝜏 = 𝑅𝐶) was obtained from an exponential fit to the experimental data as shown in Figure
4.14d. A slight difference between the experimental data and the fitted data may be due to the
power consumption by the measuring unit present in the device during the measurements.

Figure 4.15 The voltage output performance and the voltage profile of the charged capacitor (10 µF) using asprepared wearable energy harvester based on PVDF/BT10 fibers: a); woven energy generator, (a1) voltage output
vs time for woven generator (a2) charging voltage vs time for woven generator, b); triaxial braided energy
generator (b1) voltage output vs time for braided generator, (b2) charging voltage vs time for braided generator c);
circular knitted energy generator, (c1) voltage output vs time for knitted generator, (c2) charging voltage vs time
for knitted generator.

The comparison of braided energy generators prepared with different hybrid fibers indicated
that the PVDF/BT10 composition provided optimal performance and these fibers were then
used to prepare knitted and woven textiles, as shown in Figure 4.15. The storage energy
calculated for different as-developed energy harvesters in the capacitor was determined using
capacitor potential energy formula:
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1

𝐸 = 2 𝐶𝑉 2

(4.4)

Where C is the capacitor capacitance, V is the charging voltage across the capacitor under
steady state condition at a definite time (t). 38 The energy storage based on the as-fabricated
textiles energy harvesters (woven, triaxial braided and circular knitted structures in Figure
4.15) in 10 μF capacitor were found to be 61.25, 2.81 and 36.45 μJ, respectively. The energy
conversion efficiency of the as-developed triaxial braided PVDF/BT10 energy generator can be
estimated as:
η=

𝐸𝑒
𝐸𝑠

× 100

(4.5)

the electric energy generated Ee from the device can be obtained by Ee = ʃ VI dt, where V and
I are the measured output voltage and current density of one cycle time t. The mechanical strain
energy Es stored in the device is expressed as Es = 1/2YALε2 , where A is the active area, L is
the original thickness, ε is the strain, and Y is the Young’s modulus of the material.39, 40 The
energy conversion efficiency of the as-developed triaxial braided, circular knitted and woven
energy generators are calculated as 27%, 29% and 40%, respectively. The obtained results
suggested that the developed textiles energy harvester would establish the viability of such
wearable piezoelectric energy generators in real life applications. The knitted PVDF/BT10
energy generator was able to charge a 10 μF capacitor in just 400s under periodic impact and
relaxation (Figure 4.15c2). The obtained results are very promising compared to previous
reported systems (Table 4.3). The circular knitted structure enables the ready integration of
electrodes into the triaxial structure (inner and outer electrodes) which could enhance the
collection of charge and energy conversion. The force sensitivity and power output of the
wearable energy harvesters based on PVDF/BT10 textile structure were compared, as shown in
Figure 4.16a. The sensitivity of the wearable energy generators were assessed by a ratio of

144

voltage output to the applied force when the textiles were subjected to compress using repeated
impact as explained in section 2.2.10.
The voltage output of the piezoelectric textiles were proportional to the applied force. It was
found that the force sensitivity of the textile energy harvesters were 3, 4, and 10 V/N for woven,
braided and knitted energy generators, respectively. The results revealed that the knitted energy
generators exhibited an almost 6.3-fold increase in the value (10 V/N) compared to a recent
report.11 The power output of the wearable energy harvesters were found to be 36.2, 38.8 and
87 µWcm-3 under a periodic compression for woven, braided and knitted energy generators,
respectively. The power output density of the woven wearable energy generator was
significantly enhanced and it was 294% and 4578% higher than previous report for braided and
woven piezoelectric energy generators, respectively.11, 20 (Table 4.3).
Table 4.3 Comparison of power density of our flexible textile with other reported generators earlier.
Generator

Output Voltage (V)

Power density

Reference

PVDF/AlO-rGO

36 V

27.97 μW cm-3

38

BaTiO3 nanotubes

5.5 V

64 μW cm-3

41

PVDF/DNA

20 V

11 μW cm-3

42

ZnO NWs/PVDF

0.2 V

2 μW cm-3

43

BaTi2O5/PVDF

24 V

27.4 μW cm-3

44

PVDF

380 mV

29.62 μW cm−3

11

Knitted PVDF/BT10

4V

87 μWcm−3

This work

The novelty of circular knitting and braiding techniques for piezoelectric fibers is their packaging
structures which interwound fibers and due to improved durability and flexibility. The experimental
results in our previous work

11

confirmed the stability performance of the triaxial braided
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piezoelectric fibers in the bending test during 1000 cycles to a maximum compression strain of 50%
at 0.6 Hz with no change in its performance. The obtained results suggested that developed
wearable energy generators would be able to charge the capacitors to a certain voltage under a
specific time for the self-powered electronic devices. Consequently, the integration of the
developed wearable energy generator with energy storage device (i.e. rechargeable battery or
capacitors) can be of great potential for practical applications, including development of selfpowered wireless sensors within garments and monitor the status of human health.

Figure 4.16 a) Comparing sensitivity and power output for as-prepared textiles energy generators, b) wearable
energy generator device based on integration of the seamless electrodes, (i) knitted PVDF/BT10 fiber (ii) knitted
seamless integrating silver coated nylon yarn as electrodes

In addition, the developed wearable energy generator prototype device was integrated into a
garment for charging a rechargeable battery or capacitor. Figure 4.17 shows the performance
of the energy generator garment for biomechanical energy harvesting and storage during
walking and/or running. The voltage output of the wearable energy generator could be tailored
in the range of 300 (Walking) to 1000 mV (Running) as shown in Figure 4.17b. As can be seen
from Figure 4.17c, the wearable energy generator could increase the voltage of the storage
capacitor from 0 to 25 mV in 20 sec so that the 10 µF capacitor was fully charged after
approximately 25 steps at a running frequency of 1.2 Hz. This fast charging rate is 4 and 6
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times faster compared to previously reported for the nanofiber piezoelectric PVDF/BT energy
generator and hybridized energy conversion and storage based on PVDF film. 9 45
The choice of 10 µF was sufficient to demonstrate full charging of a capacitor at this stage of
development, with minimum input (25 steps), a higher storage (> 500 µF) is recommended for
applications outside the laboratory, e.g. sports training demonstrators. In such cases, it is also
recommended to increase the voltage output of the system through a selection of approaches,
e.g. by implementing voltage multiplication, parallel charge-serial discharge techniques. We
have explored the potential applications of the developed wearable energy harvester as
movement sensors.

Figure 4.17 a) Photograph of the developed wearable and portable energy generator based on woven PVDF/BT10
piezoelectric fibers, b) generated voltage from joint bending during walking and running and c) charging 10 µF
capacitor during 25 steps.
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Figure 4.18 Photograph of the developed portable knee sleeve based on wearable woven PVDF/BT10
piezoelectric sensor: a) wearable strain sensor at initial zero bending, a1) bent at 45°, a2) bent at 90°, b) The
generated voltage associated with repeated knee bending and unbending to the maximum angle of 0o, 45o or 90o,
as indicated.

As demonstration examples, both wearable and portable textile sensors have been developed
as shown in Figures 4.18 and 4.19. Wearable movement sensors are useful for real-time precise
healthcare applications. Here a knee sleeve prototype device from a woven PVDF/BT10
nanocomposite fibers was established to support personal recovery after an injury (Figure
4.18). A wireless data acquisition board could be assigned to the developed knee sleeve
prototype device for data transmission of knee flexion resulting from tension and bending of
the woven textile sensor. As can be seen from Figure 4.18a and Figure 4.18b, the developed
knee sleeve prototype device generated a voltage output that varied with knee bending angle
from the initial (zero bending Figure 4.18a), bent (45° bending Figure 4.18a1) and bent (90°
bending Figure 4.18a2). A voltage divider used to connect an expansion board (AnEx board)
and a portable wireless device. The AnEx board can be attached to the knee sleeve and linked
to it by an external connector. The collected data can be transferred via Bluetooth to a laptop
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for signal analysis. To demonstrate potential applications of the developed circular knitted
piezoelectric strain sensor for the detection of human and/or industrial activities, knitted
wearable piezoelectric fibers were assembled into two wearable sensors with the required
structures to track these activities as shown in Figure 4.19. The sensing performance of the
developed knitted piezoelectric PVDF/BT10 fibers based on assembling core-sheath structure
has been evaluated as shown in Figure 4.19a. The performance of the potential real-life
applications of the developed wearable sensor under biomechanical pressure of periodic finger
pressure and relaxation was demonstrated in Figure 4.19a1-a2. Furthermore, the versatility of
circular knitted piezoelectric PVDF/BT10 sensors was demonstrated by knitting the textile
with seamlessly integrated electrodes (Figures 4.16b and 4.19b). Sequentially feeding silver
coated nylon, followed by PVDF/BT10 fibers and then again silver coated nylon into the
knitting machine produced the textile structure shown in Figure 4.19b. This textile was coated
with silicon resin to enhance its durability as well as creating new applications such as
hydraulic and/or pneumatic pressure sensors. The performance of the silicon coated knitted
piezoelectric sensor under biomechanical pressure of periodic finger pressure and relaxation
was shown in Figure 4.19(b1-b2). The response time of the silicone coated knitted sensor
(Figure 4.19b2) was significantly improved (2.5 sec) as compared to core-sheath knitted
structure (5 sec) in Figure 4.19a2. In addition, the capability of the silicone coated knitted
piezoelectric structure as hydraulic and/or pneumatic pressure sensors was demonstrated in
Figure 4.20c, d. As can be seen from Figure 4.19(c-c1), the developed knitted sensor was
subjected under hydraulic pressure where 2 ml water was pumped into the developed hollow
structure (5 mm diameter and length of 20 mm) and it exhibited very fast response time (~ 2
sec) with higher voltage output compared to other (Figure 4.19a2 and b2). Figure 4.19 (d-d2)
shows a knitted sensor under pneumatic pressure of 20 kPa. The development of silicon coated
circular knitted piezoelectric structure capable of sensing pressure is of great importance for
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various application such as heart rate detection, pressure monitoring, strain gauges, robots, etc
due to its ability to response to bending, twisting, and compression motion. More importantly,
developed processing method is scalable for the fabrication of industrial quantities of strain
sensing and smart textiles.

Figure 4.19 a) Photograph of the developed circular knitted piezo sensors: a) assembled knitted piezo sensors
with core-shell electrodes under hand pressure, a1) effect of pressure cycle on voltage output, a2) response time
(voltage output vs time) for magnified image a1, b) developed silicon coated knitted piezo sensor with seamless
integrating electrodes, b1) effect of pressure cycle on voltage output, b2) response time (voltage output vs time)
for magnified image b1, c-c1) the knitted piezo sensor before and after pumping water, respectively, c2) effect of
pumping and release water (pressure cycle) on output voltage and c3) response time (voltage output vs time) for
magnified image c2, d) the knitted piezo sensor during pneumatic test under pressure of 20 kPa, d1) effect of
pumping and release air (pressure cycle) on voltage output and d2) response time (voltage output vs time) for
magnified image d1.
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4.4 Conclusion
In summary, smart textiles based on wearable knitted, braided and woven energy generators
and sensors were developed from nanostructured piezoelectric nanocomposite fibers. Hybrid
piezoelectric PVDF fiber with and without barium titanate nanoparticles were developed
through a melt-spinning process. It was found that high-performance hybrid PVDF/BT10
piezofiber with 98% of the electroactive β-phase generated a maximum open circuit voltage of
4V and a power density 87µWcm-3 during cyclic compression. These energy generators could
charge a capacitor (10 µF) 6 times faster than previously reported and could be integrated into
garments to harvest energy from human movements. In addition, the wearable textile-based
piezo sensors were utilized and designed for various sensing response including hydraulic
and/or pneumatic pressure sensors with tunable sensitivity. The demonstrated processing
method is scalable for the fabrication of industrial quantities of strain sensing and energy
harvesting smart textiles. The presented method has the advantage of fabrication in industrial
scale for strain sensing and energy harvesting from smart textile.
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Chapter 5

__________________________________
Highly Stretchable Self-Powered Wearable Electrical
Energy Generator and Sensors

5.1 Introduction
Up to now, various piezoelectric materials have been discovered to enhance the energy
harvesting performance through different polymer, ceramic, and conductive filler in a
composite structure.1 The disadvantage of these filler is that they are expensive, brittle, toxic,
and non-environmentally friendly.2, 3 Piezoelectric polymers have low dielectric constant and
high breakdown strength.4 In contrast, ceramic materials provide low breakdown strength and
high dielectric constant. Hence, the combination of flexible polymer and ceramic fillers5-7 make
it feasible to improve the charge generation and storage capabilities of composite structure and
have been considered for charge generation and storage applications.8 During poling process,
due to lower dielectric constant of piezoelectric polymers in compare with ceramics, the
electric field has less effect on the piezoelectric ceramic particles, and they cannot be fully
poled. To overcome this problem, the effective method is using conductive filler (graphene,
carbon nanotubes, and metal particles) for creation a continuous electric flux path between the
piezoelectric particles.9 Graphene is an ideal nanofiller to enhance the electrical, mechanical,
and thermal properties of polymers at very low loading contents.10 The oxygen including in
functional groups of GO and the PVDF polymer chains interact with each other and improve
the dispersibility. From another side, the incorporation of GO into PVDF deteriorates the
mechanical and electrical properties of the polymer composite. Therefore, the common method
is to reduce GO to rGO, which still has graphene properties but enhanced its dispersion in the
polymer.11 The basal and edges planes of graphene nanosheets have oxygen functional groups,
therefore, rGO can act as a negative triboelectric material. Moreover, rGO can limit electric
charges in composite structure due to the difference between electrical conductivity of rGO
and the matrix.12 Reduced graphene oxide stabilizes polar phase in PVDF and leads the charges
easily toward the electrodes and enhances the energy harvesting properties.13 The electrostatic
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interactions between the positive and negative charge centres of metal ions and negative charge
clouds in rGO leads to enhancement in the piezoelectric polar phases.11

Figure 5.1 Schematic illustration of the charge generation during longitudinal extension of PVDF/rGO/BT
nanocomposite coil.

The dielectric constant and ferroelectric behaviour of the nanocomposite confirm remarkable
increase for the PVDF/rGO (0.1 wt%) in compare with pure PVDF.14 The prepared composite
film of PVDF and rGO (0.05 wt%) show more β-phase formation and three times higher output
voltage than pure PVDF film.15 In this chapter, the lightweight, flexible, lead free, cost effective
and high performance PVDF based fiber were fabricated. PVDF, PVDF/BT, PVDF/rGO and
PVDF/rGO/BT fibers were twisted until coils formed (Figure 5.1), and then further twisted
until the entire fiber length was coiled. The aim of this work is to characterise and investigate
the effect of BT and rGO on the PVDF matrix. Also, the ferroelectric structural and
piezoelectric properties of these nanocomposite fibers are described. The PVDF/rGO/BT
nanocomposite coil present highest voltage output peak which is related to the β-phase dipoles
alignment of the in PVDF owning to the existence of BT and rGO in addition to the natural
piezoelectric properties of BT.
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5.2 Experimental Details
5.2.1 Nanocomposite Fiber and Coil Preparation
Nanocomposite film of PVDF/BT and PVDF/rGO/BT were prepared as described in section
2.2.4. Fiber spinning was performed using a twin-screw extruder as explained in section 2.2.6.
The composite chopped films (Figure 5.2a) were heated overnight at a temperature of 70 ºC
then fed into the extruder. A single hole spinneret with a 2 mm diameter (Figure 5.2b) was
utilized to fabricate monofilament. The final fiber winding speed of vw = 20 m/min provides an
inline cold drawing ratio λ = vw/vt = 10. The final diameter of the as-prepared PVDF fiber was
~170 µm (Figure 5.2c). Cold drawing process was done on the fiber as described in section
2.2.7. The fabrication process for the coil, woven and knitted structure was performed as
explained in section 2.2.9.

Figure 5.2 Experimental procedure for the continuous production of nanocomposite fiber: a) chopped PVDF/rGO
film, b) nanocomposite PVDF/rGO fiber coming out from the die to be collected, IR Lamp used for slow cooling
as-spun fiber (80 °C) and c) a spool of flexible PVDF/rGO nanocomposite fiber.

5.3 Results and Discussion
5.3.1 Morphology and microstructures of the PVDF nanocomposites
Figure 5.3a shows the dispersions of fillers in the transparent PVDF/DMF solution.
Nanoparticles of BT ceramic were added into the PVDF matrix to improve the piezoelectric
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response. The optimized BT concentration has the value of 10 wt% based on our previous
work16 described in Chapter 4. Stable dispersions of rGO in DMF facilitated their mixing with
the PVDF polymer, which can be readily dissolved in DMF as well. Figure 5.3b shows the
images of the PVDF nanocomposites films. It can be seen that the introduction of either BT or
rGO did not affect the formation of the PVDF films. The graphene nanosheets and the BT
nanoparticles embedded homogeneously in the fibers and they are identifiable along the fiber
axis (Figure 5.3c). All prepared nanocomposite films and fibers are flexible.The flexibility of
a PVDF/rGO nanocomposite film is shown in Figure 5.3d. The nanocomposite fibers also have
the ability for the knitting, weaving and braiding as reported in our previous research.17

Figure 5.3 Macro-pictures of (a) solution (b) film and (c) nanocomposite fiber of (i) pure PVDF, (ii) PVDF/BT,
(iii) PVDF/rGO and (iv) PVDF/rGO/BT, c) foldable flexible PVDF/rGO film

The surface morphological features of PVDF nanocomposite fibers were characterized by
SEM. The surface morphology and cross-section (Figure 5.4 a-c) of nanocomposite fibers show
that both melt-spun PVDF and hybrid PVDF/BT fibers are very smooth and without any
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observable porosity or voids. The homogeneous dispersion of the filler throughout the
nanocomposite can be clearly observed in Figure 5.4d-f from the cross section of the
PVDF/rGO fiber. Figure 5.4d shows low contents of rGO sheet with the dimension of 200-400
nm. The graphene nanosheets can be seen in Figure 5.4f. As described below, the addition of
a low concentration (0.03 wt%) of rGO into PVDF enhanced the composite output
performance. Using too high rGO concentration leads to agglomeration in the composites
which create short circuits and cause charge leakage between electrodes.3 The research show
that only 0.1 wt% of rGO was sufficient to hamper α phase formation and promotea nearly
complete β phase structure.18 The energy harvesting performance and the high frequency
capacitors improved for the rGO (0.3 wt%) and BT (35 wt%) of PVDF/rGO/BT nanocomposite
film.19 Hence, to evaluate the effect of rGO on the PVDF/BT nanocomposite and pure PVDF
fiber, 0.5 wt% of the rGO selected for more consideration.

Figure 5.4 SEM images of the as-spun nanocomposite fibers: a) surface of PVDF fiber, b) surface of PVDF/BT
(10 wt%), c) cross-section of PVDF/rGO/BT fiber, d) cross-section of PVDF/rGO fiber at e) low and f) higher
magnification.

The piezoelectric performance of nanocomposites rely on the crystalline structure and the
electroactive polar phase formation.20 So, for clarification purposes of the polar crystalline phases
160

present in the PVDF based nanocomposites, FTIR spectral analysis was performed, as
presented in Figure 5.5a. The α phase of PVDF has the peaks at 764 and 975 cm−1.21 These
peaks nearly disappeared in the PVDF nanocomposite fibers with the presence of BT
nanoparticles and graphene nanosheet which have an important role in the β phase
formation.22 The FTIR spectra of the melt spun fibers proves strong vibration peaks at 840 and
1275 cm−1, which are related to the -CH2- wagging vibration and -CF2-symmetric stretching
and the presences of these peaks demonstrate the β‐phase formation in the composite.23, 24 The
reduced graphene causes formation of the piezoelectric phase in PVDF matrix as shown by
peaks at 1173 and 1275 cm−1 as well as decreasing α-phase peak intensity. In fact, β-phase
formation is mainly influenced by better interaction between the two components.25 A high
intensity peak at 1175 cm-1 in all nanocomposite fibers highlighted the high quality of the
PVDF based fibers.19 The intensity of vibration peaks is sensitive to the crystalline structure in
polymer andthe F(β) of fiber structures was calculated from Equation 3.1.
The variation of β phase contents for as-prepared PVDF and its nanocomposites fibers and
coils are shown in Figure 5.5b. More β phase formed in coil samples and this effect is likely
due to more stretching and aligning of dipole along the fiber axis during coil fabrication. The
highest β phase formation was present in the PVDF/rGO/BT nanocomposite coil with 58%
improvement when compared with its untwisted fiber. The high fraction of β phase in PVDF
based fibers are desirable due to their enhanced piezoelectric response. The β phase content
here for PVDF/BT is different from Figure 4.8b due to different fabrication process. However,
each comparison between PVDF fiber and its composite done when they fabricated in the same
condition. The FTIR and XRD technique had been used to explore effect of rGO and BT fillers
on the crystalline structures of PVDF fiber. Figure 5.5c demonstrates the XRD patterns of the
PVDF fiber and its combination with BT nanoparticles and rGO nanosheets. Pure PVDF has
the stable α-phase (TGTG) peaks at 2θ = 17.5° (100), 19.8° (110) and 26.5° (021). Other
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nanocomposite fibers have the same peak appearances owing to the existence of
semi crystalline PVDF polymer.26

Figure 5.5 Characterisation of the melt-spun PVDF, PVDF/BT, PVDF/rGO and PVDF/rGO/BT fibers: a) FTIR
spectra and b) The difference in β phase contents of fibers and coils structure c) X-ray diffraction patterns and d)
Stress–strain curves obtained from tensile tests

The β phase (TTTT) appeared at 20° signifying the coexistence of α and β phase. The phase
transformation from α to β in the nanocomposite fibers comes from the molecular chain
stretching during the fabrication process. Another peak appears at 2θ ~ 22° in BT
nanocomposite fibers and is associated with the (001) and (100) reflections of tetragonal BT
nanoparticle.22 The layered graphite structure in rGO has diffraction peaks at 26.2° which is
related to the (002) diffraction.27 Also, an increase in the intensity of β phase peaks confirmed
the good dispersion of the rGO in PVDF matrix.21 The nucleation rate of the β phase in
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nanocomposites contained rGO increased gradually because of delocalization of π-electrons
with remaining oxygen functionality in rGO which interact with the CH2, CF2 dipoles of the
PVDF polymer chain.13 Basically the interaction of OH groups with the fluorine (F) groups in
the PVDF support them to be aligned on one side.28 The deconvolution method was used to
classify the existence of β and γ‐phases individually. The incorporation of 0.5wt% rGO
increases the crystallinity (χct) from ≈41% in PVDF (α ≈20.9%, γ ≈17.5%) to ≈43% (β ≈30%,
γ ≈3%) in PVDF/rGO (0.5 wt%) composite. The as-prepared PVDF and its composite fibers
have also been investigated to evaluate the effect of filler addition on the mechanical properties
of the nanocomposite fibers. A comparison of the stress-strain curves for the various prepared
fibers is given in Figure 5.5d. While graphene is used as the filler in a composite structure, it
is expected to have superior mechanical properties due to its high intrinsic strength. As can
been seen from Table 5.1 and Figure 5.6, the tensile strength and Young’s modulus of the
prepared composite fibers have significantly increased compared to PVDF fiber.
Table 5.1 Summary of mechanical properties of the as-preapred PVDF and PVDF/BT nanocomposite fibers
Sample

PVDF

PVDF/BT

PVDF/rGO

PVDF/rGO/BT

Young's modulus (MPa)

670

1593

1396

1127

Elongation at break (%)

226

117

141

146

Tensile strength (MPa)

258.5

276.7

420

268.5

The Young’s modulus and tensile strength of the as-prepared PVDF/rGO nanocomposite fiber
is 208% and 163% higher than pure PVDF fiber, respectively. The tensile strength of the PVDF
and PVDF/rGO nanocomposite fibers are 3 and 6 times higher than fibers reported recently.29
The elongation at break for the as-prepared PVDF and PVDF/rGO nanocomposite fibers are
226% and 141%, respectively. These values are 15 and 57 times higher than previously
reported for the PVDF and PVDF/rGO nanocomposite film. 30 Adding 10% wt BT produces
fibers with an elongation at break of 120%. This value is 3 times higher than previously reported for
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melt spun PVDF fiber 31. The stress–strain curve for the PVDF/rGO fibers show fast-rising trend
in stress within a strain of 30% due to stress concentration caused by the rigid rGO lamella
networks. When the strain is over 30% a moderate increase was observed which indicates that the
rigid rGO lamella networks are gradually broken up.32 The enhancement in the β crystallites of the
composite afford advancement in the mechanical properties (confirmed by FTIR measurements).33

Figure 5.6 Mechanical characterization of PVDF, PVDF/BT, PVDF/rGO and PVDF/rGO/BT nanocomposite
fibers: a) Young's modulus and b) tensile strength.

One of the reasons to have better mechanical properties in composite structures is a good dispersion
of particles with strong interfacial interaction between the filler particles and the polymer matrix.
The BT nanoparticles have desirable electrostatic interaction/hydrogen bonding with PVDF chains
due to their high dipole attraction. Therefore, BT nanoparticles acts as a ‘bridge’ to connected PVDF
chains and rGO particles.34 However, the intimate interaction between BT nanoparticles and rGO
substrates can also limit the dispersion of BT nanoparticles in rGO sheets and cause aggregation
formation. Addition of rGO/BT fillers into the PVDF matrix can lead to a crowding effect and these
unexfoliated aggregates create stress concentration points during the propagation of the cracks and
make lower tensile strength.35
The effect of the nanofiller addition on the crystallization and melting temperatures of the
nanocomposites were determined by differential scanning calorimetry (DSC) analysis. The second
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heating and cooling characteristics of the samples at a scanning rate of 5 °C/min were monitored
and the curves obtained are depicted in Figure 5.7. The nanoparticles effects on the thermal
properties of PVDF/BT is clearly seen from the peak shifts. The melting temperature (Tm) and
crystallization temperature (Tc) slightly increase in the nanocomposite by adding the filler (Table
5.2). This increment is a result of the homogeneous dispersion of filler throughout the matrix, which
has the role of nucleating agent and prevents segmental movement of the polymer chain.13 The
crystallinity percentage (χc) was determined from the following Equation 5.1:
∆𝐻

𝑋𝑐 = (1−𝜑)𝑚∆𝐻0 × 100

(5.1)

𝑚

0
Where, ΔHm is the nanocomposite melting enthalpy, ∆𝐻𝑚
is the melting enthalpy of the 100%

crystalline PVDF (103.4 Jg−1) and ϕ is the weight percentage of the nanocomposite filler.18

Figure 5.7 DSC second melting (a) and cooling (b) curve of PVDF, PVDF/BT, PVDF/rGO and PVDF/rGO/BT
nanocomposite fibers.

The pure PVDF showed a melting peak at 172.4 °C, which was slightly lower than that for
PVDF/rGO nanocomposites at 172.6 °C. The PVDF β phase has higher melting temperature than α
phase due to has trans conformation which let the chains to be packed more compactly in crystal
structure.

18, 36

As a result, the predominant phases for the pure PVDF and PVDF/rGO

nanocomposites were mainly α phase and β phase subsequently which was confirmed by FTIR and
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XRD results. The cooling DSC curve indicated that crystallization happened at a higher temperature
(Tc) for nanocomposites fibers in compare with pure PVDF fiber.
Table 5.2 DSC results for PVDF and its nanocomposites fibers
Samples

𝑇𝑚 (℃)

𝑇𝑐 (℃)

𝑋𝑐 (%)

PVDF

172.4

140.1

41

PVDF/BT

173.3

142.4

42

PVDF/rGO

172.6

143.3

43

PVDF/rGO/BT

172.5

143

43

The crystallization temperature increased for the composites included rGO due to very large surface
area of rGO which adsorbs PVDF chains and cause easier nucleation.18 The PVDF/rGO/BT and
PVDF/rGO nanocomposites exhibit similar crystallization behaviours. The difference between them
is that the PVDF/rGO nanocomposite has higher Tc (143.3 °C) compared with the PVDF/rGO/BT
nanocomposite (143 °C). The possible reason can be changing in the dispersion quality of the BT
particles after adding rGO nanosheet. Many of the BT particles are deposited on the rGO sheet and
consequently reduced PVDF crystallites growth.37 The crystallinity temperature variation for
nanocomposites depend on the dimensions, filler concentration and the interfacial interactions.13
Thermal stability of the composite fiber was characterized by the thermogravimetric analysis (TGA)
which was performed in temperature range of 30–900 °C and is presented in Figure 5.8. For
temperatures lower than 400 °C, the thermal stability of the nanocomposite contained rGO
increased. The increased thermal stability of the rGO was caused by the high thermal conductivity
of rGO, which facilitates dissipation of the thermal energy very quickly.38 For rGO, the slight mass
loss at the range of 200–400 °C is attributed to the removal of residual oxygen containing groups on
rGO surfaces.39 The higher thermal conductivity of the rGO helps to transfer heat from the GO
layers to the PVDF matrix.40 Temperature related to 5% degradation is considered as the onset of
thermal degradation (T5%). Both the T5% and the temperature corresponding to 50% weight loss
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(T50%) increase by up to 43 and 44 °C, respectively, in the composite of PVDF/rGO/BT in
comparison with pure PVDF. This enhancement in thermal stability comes from a variety of
physicochemical interactions among composite components.41 Pure PVDF fiber begins to
decompose at about 370 °C, but the PVDF/BT and PVDF/rGO/BT nanocomposite fibers appear to
degrade at 450 °C. The strong interaction between nanoparticles and the PVDF matrix was indicated
by the XRD patterns and FTIR spectra. Furthermore, the residual weight at 900°C of PVDF
nanocomposites increases clearly in comparison with the pure PVDF according to their
concentration. The residual mass for pure PVDF is 33.15% and is 33.59% for the PVDF/rGO and
this weight difference confirms the addition of 0.5% of rGO in the composite structure. Also, the
residual mass for PVDF/BT nanocomposite is 42.32% which confirms a 10% addition of BT in the
composite.

Figure 5.8 Thermographs of PVDF, PVDF/BT, PVDF/rGO and PVDF/rGO/BT nanocomposite fibers.

In Figure 5.9, the storage modulus and the loss factor at frequency 1 Hz are shown as a function of
temperature from −50 to 150 °C at a heating rate of 3 °C/min for all PVDF nanocomposite fibers.
The storage modulus depicts material ability for energy storage when an oscillatory force is applied.
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The loss factor (tan δ) depends on material viscosity And the tan δ peak arises from cooperative
motion of different segments of the polymer.42

Figure 5.9 Dynamic mechanical analysis of the PVDF nanocomposite fibers at frequency 1Hz: a) Storage
modulus, b) Loss tangent (tan δ)

From figure 5.9a it is clear that by increasing temperature the storage modulus of PVDF
nanocomposites gradually decreases in a nonlinear way that signifies a progressive loss of the
nanocomposites resistance to elastic deformation.18 The storage modulus for pristine PVDF
composites was found around 4 GPa at − 50 °C and decreased with temperature over the
investigated temperature range (− 50 to 150 °C). All other composites exhibited temperature
dependences, which are similar to the neat PVDF. When the temperature is below 25 °C all
nanocomposites have higher storage moduli than the pure PVDF with the enhancement coming
from rGO reinforcing effect. Sheets of rGO have high aspect ratio with strong interfacial adhesion
for the integration in the PVDF matrix .43 Although for temperature above 25 °C due to the
movement, dispersion and directional distribution of composite particles in fibers during DMA test
the PVDF fibers shows higher storage modulus. Figure 5.9b shows two relaxation peaks at low and
high temperature for PVDF based fibers. PVDF exhibits peaks at −44.9, and 85.5 °C corresponding
to Tg and Tr. The Tg is the glass transition temperature resulting from the start of segmental motion
of PVDF amorphous portion. The Tg increases with increasing filler loading because of strong
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cohesive force between the filler which make the polymer more compact and decrease the free space
for polymer segmental motion. The Tr indicates relaxation of PVDF chains at the crystalline region
where the segments are in limited state.44 The position of the Tr peak for the pure PVDF and the
PVDF nanocomposites is different. The increase of difference in transition temperatures for
relaxation in crystalline region (Tr) could be ascribed to the PVDF polymorphic structure variation
from the α to β phase. The β phase has more dense volume (density = 1.99 g/cm3) compared to the
α phase (density = 1.92 g/cm3) and amorphous phase (1.78 g/cm3), hence it needs more thermal
energy for the relaxation. A sharp peak of relaxation temperature happen for PVDF nanocomposites
when the β phase conversion is complete.45 A shoulder peak appears at around 50 °C for
PVDF/rGO/BT which confirm the motion of molecular chain segments between the composites
filler of BT an rGO resulting in thermal stimulated charge carriers.

5.3.2 Ferroelectric Properties of Nanocomposite Films
The polarization – electric field loop measurements has been carried out at room temperature to
discover ferroelectric behaviours in the PVDF and nanocomposite films under an electric field of
300 kV/cm. The P-E loops for pure PVDF, PVDF/BT, PVDF/rGO and PVDF/rGO/BT composite
films are presented in Figure 5.10. The electrode area was 0.1962 cm2, and the film thickness was
150 μm. The formation of the loops come from the presence of phase separation between voltage
and charge. By increasing the applied electric field, the polarization gradually increases as
wellbecause of the alignment of molecular dipoles in one direction.11 The PVDF/rGO/BT
nanocomposite film shows a maximum polarization value of 0.71 μC cm−2 when the applied electric
field is 300 kV cm−1 (Figure 5.10a). The PVDF/rGO/BT nanocomposite film shows the remnant
polarization of 0.12 μC cm−2, while it is 0.032 μC cm−2 for pure PVDF. The variation in remnant
polarization could refer to molecular dipoles charge accumulation. This charge accumulation comes
from the interactions between PVDF chains and the oxygen functional groups of rGO–BT
nanocomposite. Therefore, the P-E hysteresis loops of the PVDF/rGO/BT nanocomposite film were
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assessed from 50 to 350 kV/cm until breakdown (Figure 5.10b). The remanent polarization (Pr) of
the nanocomposite films increased from 0.088 for PVDF to 0.15 μC/cm2 for PVDF/rGO/BT at
350 kV/cm and 1 Hz, which indicated ferroelectricity enhancement in the nanocomposites (Figure
5.10c). Furthermore, remnant polarization is just in accordance with the piezoelectric response of
material.13 Whereas, the PVDF/rGO/BT nanocomposites has higher remnant polarization than
PVDF, it reveal higher output voltages. Therefore, the nanocomposites are excellent for
piezoelectric energy harvesting applications and also provide a high energy density capability. Since
piezo ceramic BT can be polarized at higher fields, at the electric field above 300 kV/com shows
higher remanet polarization than PVDF/rGO and PVDF. This trend observed for the PVDF/rGO/BT
composite from beginning due to presence of conductive filler rGO which helps to polarized
piezoelectric component better.The real energy density of PVDF nanocomposites to determine the
energy harvesting strength could be calculated from the P–E loop by the following Equation 5.2:

Figure 5.10 Polarization – electric field (P-E) hysteresis loops of: a) the PVDF, PVDF/rGO, PVDF/BT and
PVDF/rGO/BT nanocomposite films, b) the PVDF/rGO/BT nanocomposite film measured from 50 to 350 kV/cm,
c) remanent polarization at different electric fields and d) energy density for different nanocomposite films.
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(5.2)

𝑈𝑒 = ∫ 𝐸𝑑𝑃

Where E is the electric field and P refers to the polarization of the samples.46 In fact, the energy
density relies on the dielectric constant, dielectric breakdown strength, polarization and the applied
electric field.47 The energy density greatly increased up to 79.6 mJ/cm3 at 300 kV/cm
with nanocomposite containing PVDF/rGO/BT, which is 23% higher than pure PVDF
(64.61 mJ/cm3). The strong interactions between the rGO/BT and PVDF matrix could be the main
reason for the polarization properties. The energy density graph in Figure 5.10d shows that the
charges at the interface for the PVDF/rGO/BT nanocomposite is much higher than the PVDF/BT
due to the conductive nature of the rGO sheet. In fact presence of rGO in the structure helps to better
charge transferring to the both BT and PVDF for polarization which leads to have more energy
density between PVDF/rGO/BT in compare with PVDF/BT and PVDF/rGO. Nano particles of BT
need higher electric field for polarization and need a conductive filler inside the composite structure
due to this reason the energy density of PVDF uniform structure is a little bit more that PVDF/BT
and PVDF/rGO.

5.3.3 Dielectric and Conductivity Properties of Nanocomposite Fibers
The dielectric and conductivity behaviour of the nanocomposite fibers at different frequencies at
room temperature was evaluated and the results are shown in Figure 5.11 and 5.12. The dielectric
constant of the nancomposite fibers increased with adding BT, since BT possess a higher
dielectric constant compared with pure PVDF polymer (Figure 5.11a).48 The rGO introduces
an active dielectric interface between the PVDF and the BT and induces orientational
polarization in PVDF/rGO/BT nanocomposite.
It is clear that adding rGO induces a higher dielectric constant, dielectric loss and conductivity.49
After adding rGO, many micro-capacitors formed inside the nanocomposites which leads to increase
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in dielectric constant.19 The theory of percolation described the sharp rise in dielectric constant of
the PVDF/rGO (0.5 wt%) through the following Equation 5.3:
𝜀 = 𝜀𝑚 (𝑓𝑐 − 𝑓)−𝑠 𝑓𝑜𝑟 𝑓 < 𝑓𝑐

(5.3)

where the dielectric constant of the composites (ε) and polymer (εm ) are used in Equation 5.4. The
f and fc represent the concentration and the percolation threshold concentration of the filler in the
matrix, respectively. The s is a constant which depend on materials properties.50

Figure 5.11 The frequency dependence of (a) the dielectric constant and (b) the loss tangent of the PVDF,
PVDF/rGO, PVDF/BT and PVDF/rGO/BT nanocomposite fibers at room temperature.

When f gets close to fc in Equation (5.3), the dielectric constant being extraordinarily high.
Moreover, based on microcapacitor model, two neighbouring rGO fillers act as electrodes on both
side of thin layer of PVDF.49. Each microcapacitor has a large capacitance due to increase in
dielectric constant. According to the micro-capacitor model, the maximum dielectric value comes
from dipole alignment in one direction. It is also shown by Huang et al.18 that dielectric loss and
dielectric constant slightly increase at lower rGO concentration, which is a common feature of
insulating materials. While the rGO's loading value was 0.5 wt% and above, the dielectric loss and
dielectric constant showed a significant increase.18 At low frequency, the dielectric constant has a
higher value in comparison with high frequency. At low frequency, the high dielectric constant refer
to Maxwell–Wagnar–Sillars (MWS) interfacial polarization as a result of the heterogeneous
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conductivity of PVDF and rGO.51 The growth of conductive grain boundary leads to dielectric
constant decreasing at high frequency. Besides, dielectric constant and loss have lower values at a
high frequency because of polarization effects and dipoles’ inability to achieve the equilibrium state
during electric field variation.52 Figure 5.11b presents the dielectric loss (tan δ) variations versus
frequency at room temperatures. Along with incorporation of rGO nanosheet, both the dielectric
constant and the dielectric loss tends to increase.1 In the dielectric material, the dielectric loss is
defined as the energy dissipation through dipolar loss, conduction loss and interfacial polarisation.53
By increasing frequency, dielectric loss decreases due to polarization effect (MWS effect).
Additional reason could be the outset of the field variation tracking by the dipoles at higher
frequencies.54 In general, the smaller dielectric loss and the higher dielectric constants are the regular
behaviour for the PVDF/rGO nanocomposites. Since rGO affords a greater number of conductive
pathways into the PVDF matrix, it can cause an increase in dielectric loss due to the leakage
current.46
The conductivity of all nanocomposite fibers is shown in Figure 5.12. The conductivity roughly
shows a linear increase with increasing frequency. It is obvious that the nanocomposites filled with
high conductive material (rGO) have the highest conductivity among other nanocomposites. The
homogeneous rGO dispersion leads to have a continuous conducting network path across the
nanocomposite. Therefore, the nanocomposite exhibits a higher surface conductivity and
sensitivity even at low filler concentration.13 At high frequency, the conductivity increase
because of charges excitation and their transportation inside the composite.55 The PVDF/rGO
sample confirms the maximum conductivity of 6.11 × 10−4 (S m−1) at 1 MHz frequency.
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Figure 5.12 Graph of conductivity as a function of frequency for PVDF nanocomposite fibers at room
temperature.

5.3.4 Performance of Nanocomposite Coil Structures
Figure 5.13 shows optical microscope images of coil samples fabricated from pure PVDF. The coil
has a diameter (D) of ∼270 μm and its filament is 160 μm (Figure 5.13a, b). During meltspinning
the filaments tends to be elongated and oriented in the microfiber direction.

Figure 5.13 Optical micrographs of (a) PVDF meltspun fiber, (b) coil formation process by inducing twist, (c)
the magnified coil section, and (d) coil bias angle from close view of coil section.
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A twist of about 12000 turns m−1 was inserted into the filaments until coil formed completely along
the entire fiber length. The coil has a uniform structure along its length (Figure 5.13c). The coil bias
angle (𝛼𝑐 ) is the angle between the fiber and the coil’s cross-section. The coils bias angle
calculated from the following Equation 5.4 56:
𝑐𝑜𝑠(𝛼𝑐 ) = π𝑁𝐷/𝑙

(5.4)

Where N is the coil turns and 𝑙 is the length of the fiber which made the coil. The coil bias
angle showing 30° from the coil’s cross-section, which agrees with the calculated value from
Equation (5.4). The optical microscope was used to observed coil bias angle (Figure 5.13d).
The mechanical properties of nanocomposite samples improved due to continuous geometry of fiber
and their stretchability.

Figure 5.14 (a) Digital photograph of the stretching procedure of a PVDF coil showing the coil expanding under
tension up to ∼120% strain, (b) Optical microscope image of a coil under different strain, (c) Stress- strain curve
for pure PVDF coil, (d) Stress−strain curves of the loading and unloading filament over a 200% strain range after
differing initial strains.

175

The mechanical properties of fabricated coils were explored through the uniaxial tensile test of
samples (Figure 5.14 a, b). The tensile extension in the longitudinal direction for the coil structure
shown in Figure 5.14c. To assess coil performance, the samples were vertically stretched several
times. Figure 5.14d shows stress-strain curves found on loading and unloading filament over a 200%
strain. The coil has significantly lower stiffness (200% strain at 40MPa) compared with its fiber
(50% strain at 100 MPa). Therefore, coil structures are more desirable for stretchy fabrics to monitor
movement of robots, human and prosthetics without limitation or everywhere that a continuous
stretching is considered. It is also possible to use more than one fiber to make a coil in order to get
a higher piezoelectric response and higher tensile strength. The diameter of the coil structure
depended on the number of fibers used in the supply coil. The coil diameter for single and double
2-ply fibers are ~270 and ~500 μm. (Figure 5.15a). In spite of a large amount of twisting, the fibers
had no signs of failure and the fiber seems to be continuous. Although coils made from 2-ply fibers
were highly stretchable, it was noted that deformation occurred by micro-buckle unfolding rather
than coil opening and this process lead to a greater variation in voltage output in the 2-ply coils in

Figure 5.15 (a) Optical microscope image of double fiber coil: (i) highly twisted fibers (ii) PVDF, (iii) PVDF/BT,
(iv) PVDF/rGO/BT, (v) PVDF/rGO, (b) output voltage for single and double fiber coil structure after 100% strain
at frequency of 1Hz.
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comparison with the single fiber coil especially as higher strain (Figure 5.15b). For all PVDF
nanocomposites, the output voltage increased for 2-ply fiber coil in comparison with the single fiber
coil. The higher amount of output voltage related to the PVDF/rGO double fiber coil with ~90%
increment. This higher amount of value can be described by the higher conductivity of PVDF/rGO
nanocomposite which facilitate charge transfer from coil surface to both electrodes. It is shown that
coils harvesters provided arbitrarily high voltages if multiple harvesters were combined in series.57
All fabricated coils were exposed to stretching force and the effect of different fillers studied. Figure
5.16a and b shows the open circuit output voltage and short circuit current for all PVDF
nanocomposite. Among all the samples, the PVDF/rGO/BT nanocomposite showed a maximum
voltage output of 1240 mV at an applied force of 1 N. It can be seen that rGO contribution enhances
the coils energy harvesting performance.

Figure 5.16 Electric output of the PVDF and PVDF nanocomposites for 1 cm of coil structure during axial
extension: (a) the signals of open-circuit voltage and (b) short-circuit current at frequency of 1Hz at strain 100%, (c)
output voltage for different percentage of strain and (d) Coil structure: (i) Schematic illustration of the coil generator with
aluminium foil on both sides as electrodes (ii) image of a coil with several centimetres long.
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The following description considers the rGO function in nanocomposite structure for power
generation. The rGO filler has two roles in the nanocomposite structure: (1) providing dipole
alignment, (2) prompting micro-capacitor formation within the nanocomposite. The functional
groups of oxygen including carboxyl and carbonyl in the rGO plane have the key roles in promoting
polymer chain alignment through collecting fluorine atoms to one side.19 After loading rGO to the
composites, the β phase formation was enhanced and polymer chain alignment happened which was
indicated according to the XRD results. The highly dispersed rGO sheets increases the availability
of many free charges on their surface. In the PVDF/BT nanocomposite structure, both PVDF and
BT dipoles accumulated free charges of rGO, and new dipoles have been generated in those specific
regions. In comparison with other conductive fillers, rGO has higher surface area. Hence, more
dipole would be formed and as a result the storage capability and charge generation will be
enhanced.1 The pure PVDF coil generated a maximum voltage output of 300 mV while PVDF/rGO
and PVDF/BT samples showed 400 mV and 700 m V maximum output voltages, respectively. The
output voltage for PVDF/BT nanocomposite is higher than PVDF/rGO, this may due to number of
rGO sheets and many free charge of graphene sheets which did not find dipoles from composite and
these free charges stay inside the composite and negatively affected coil performance.19 The results
show that the piezoelectric output of coils were more sensitive to the strain percentage than the
loading rate. In frequencies higher than 1Hz, the short equilibrium time does not let the coil to reach
stable surface charge transference between electrodes and this negatively affected the generated
signal. As illustrated in Figure 5.16c, there exists an output voltage of 300 mV when a strain of 10%
was applied on PVDF/rGO/BT nanocomposite coil. When the strain increased to 100%, the output
voltage reaches 1.2 V which is ~4 time higher than in the PVDF coil. Additionally, the
nanocomposite coils has high stretchability up to 100%, which is significantly higher than recent
report for piezoelectric fibers (< 50%).58 The relation between strain and output voltage is relatively
linear for all nanocomposites. The mechanism to show voltage generation by coil structure is
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illustrated in Figure 5.16 d. The power generated by the nanocomposites coils was calculated
through Equation 4.3.58 The maximum power output for 10 mm length PVDF/rGO/BT
nanocomposite coil reached 3.6 µW, 0.42 μWcm-3 or 3 Wkg-1 based on considering the diameter,
length and mass of the coil. The energy conversion efficiency from mechanical energy into electrical
energy was 22.5%, which was extracted from Equation 4.6. This conversion efficiency for
PVDF/rGO/BT nanocomposite coil is ~2.5 higher than latest reported harvesting electrical energy
from coil structure of polyurethane microfibers.59

5.4 Application Performance of Nanocomposite Fibers
The potential applications of the PVDF/rGO fiber have been explored in different application for
movement sensor as can be seen from Figures 5.17-5.20. It is possible to use other nanocomposite
fibers of PVDF/BT and PVDF/rGO/BT in the same applications regards to their properties
mentioned in previous sections. Although some applications for PVDF/BT nanocomposite fibers
mentioned in section 4.3. The PVDF/rGO fiber fabricated in the plain weave structure (4 × 10 cm
with total weigh of 3 g) with silver coated nylon as electrodes and polyester fibers to separate each
unit of generators is shown in Figure 5.17a-b. The woven structure has four active units (4 × 1 cm,
0.25 g) and where the electrodes can be connected in series or in parallel connection. The woven
generator was poled for serial and parallel connections. It was also found that the output voltage and
current of the PVDF nanogenerator could be enhanced by serial and parallel connections,
respectively.60
For both series and parallel connections, the output peak voltage increases with increasing the
number of active units. Woven piezoelectric fibers units in a series connection exhibits a higher
output peak voltage and power than that of a parallel connection (Figure 5.17c). For the series
connection, the maximum output peak voltage for four active unit is 1000 mV under periodic
pressure and relaxation.
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Figure 5.17 a) Photographs of woven PVDF/rGO fiber with four active units in serial connection, b) magnified
image of one active unit: i) silver‐coated nylon as electrodes and ii) PVDF/rGO fibers, c) output voltage for
parallel connection with different active units connection, d) charging 100 µF capacitor by the power generated
from the four units connection in serial under periodic impact pressure.

A bridge rectifier (four diodes of 1N5817) was placed in the circuit to feed a different capacitor
under mechanical pressures in frequency of 1 Hz. Different capacitors (22, 33, 47, and 100 µF)
charging performances were carried out upon mechanical deformation on the woven fabric with
serial connection of units (Figure 5.17d) and it is observed that the build up voltage increases
exponentially to eventually reache a steady state. According to this woven fabricbased piezoelectric fiber, it possible to have piezoelectric fibers woven in different parts of a garment
as the sensor or connected them in serial connection to have higher voltage to charge personal
electronic devices. The PVDF/rGO piezoelectric fiber knitted in a circular knitting machine as the
set up described in our previous work 16 (Figure 5.18a).
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The storage energy calculated for woven fabric with four active unit which connected in series
was determined using capacitor potential energy Equation 4.5.16 The energy storage based on
the woven fabric in 100 µF capacitor was found to be 50 µJ. Based on the charging process of
the 100 µF capacitor, the energy conversion efficiency of the woven energy generators is
calculated as 26%.
The wearable energy generator could increase the voltage of the storage capacitor from 0 to 1V
in 200 s and the 100 µF capacitor was fully charged. The power output of the woven structure is
28 µW cm-3 under a periodic compression. This power is equal to the film power output of PVDF/
(rGO–Ag) and film nanogenerator of rGO/PVDF-TrFE which recently reported

3, 11

with this

significant difference that PVDF/rGO fibers have capability for mass production and have flexibility
to be integrated to the textiles. To demonstrate potential applications of the developed circular
knitted piezoelectric strain sensor for the detection of human and/or industrial activities, knitted
wearable piezoelectric PVDF/rGO fibers were assembled in core–sheath structure as shown in
Figure 5.18b. The performance of the potential real‐life applications of the developed wearable
sensor under biomechanical pressure of periodic finger pressure and relaxation was demonstrated in
Figure 5.18c-d. In comparison with pure PVDF with the same structure, PVDF/rGO fibers shows
100% improvement in output voltage.
The structure of a circular knitted sensor filled inside and covered outside by silicon rubber to protect
it from environmental condition (dust and humidity) for different applications is shown in Figure
5.1 e). The sensor output voltage was measured after different forces range from 0.5-10 N applied
on 2cm of sample by mechanical tester machine during compression test (Figure 5.18 e-f). As can
be seen from Figure 5.18f by increasing the force the output voltage increased and this sensor can
be considered as a pressure sensor for wide range of applications (sensors in shoes, any part of
clothes).
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Figure 5.18 a) Circular knitted structure of: a1) PVDF/rGO and a2) PVDF/rGO/BT fiber, b) optical photograph
of the circular knitted piezogenerator: i) conductive woven fabric as electrodes and ii) knitted PVDF/rGO fiber as
the middle layer, c) assembled knitted piezo sensors with core–shell electrodes under hand pressure and d) effect
of pressure cycle on voltage output, e) covered and filled knitted piezo sensors with silicone rubber as a pressure
sensor and f) voltage output of pressure sensor under different forces of mechanical tester.

As depicted in Figure 5.18f, the output voltage increases from 100 mV to 1200 mV in the
pressure range of 8-160 kPa, and it demonstrates the sensitivity of 7.34 mV kPa−1 (R2 = 0.97).
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To verify potential health care application, the PVDF/rGO coils sensor with a length of 2 cm were
fixed to a finger with an adjustable band as a prototype device. Silver coated nylon on both ends of
the coil were included as electrodes. The coils could accurately identify the movements when the
finger was bent and straightened (Figure 5.19a). A clear result was obtained when coils generates
different voltage signals at different bending angles. The higher the bending angle is, the higher the
voltage is (Figure 5.19b).

Figure 5.19 a) Practical demonstration of the PVDF/rGO coils as a human motion sensor for
bending/straightening of finger in different angle, a1) experimental setup for demonstrating signals on phone, b)
the output voltage of PVDF/rGO coils at different bending angle in a bending and straightening cycle and c) The
relationships between different bending angle and output voltage and current of PVDF/rGO coils at frequency of
0.5 Hz.

During the bending of the finger, the voltage increased and reached a peak value, whereas with the
relaxation of the finger, the voltage decreased and returned to the initial position. The coil sensor
can detect finger bending by generating voltage up to 730 mV. Here the frequency for the bending
movement is approximately 0.5 Hz. The voltage response to the periodic motion of the finger
validates that coil structure is stable in the monitoring process. The magnitude of the sensor signal
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(voltage and current) steadily increased almost linearly with the bending angle of the finger, thus
representing the ability of the sensor to distinguish the degree of motion, as shown in Figure 5.19c.
The results confirmed that maximum peak-to-peak power of about 7 nW or 0.03 µW/cm3 can be
harvested from wearable piezoelectric coils by finger bending movements.
This coil structure is suitable to motion monitoring without disturbing the body's movements and
was established to support personal recovery after a surgery. Also, the generated voltage can be
transferred to the computer for hand motion detections in the VR environment for soft virtual reality
glove systems. Moreover, the PVDF/rGO coil also has a potential to be integrated in a stretchable
2D fabric used in close contact with the human skin or attached to textile as a decoration (Figure
5.20a). PVDF/rGO coils set as warp along with elastomer fiber in a woven structure. Silver‐coated
nylon woven on both end as electrodes and acrylic fiber is weft direction made distance
between two electrodes (Figure 5.20 a1, a2).
The poling voltage applied along the length of PVDF/rGO colis on woven silver coated nylons on
both ends. The textile structure can be covered with soft and stretchable silicone material to provide
protection from the environment including washing. The total weight of woven structure (2 × 5 cm)
including the silver‐coated nylon, coils and acrylic fibers is about 1 g. The energy-harvesting woven
structure can be a potential strategy for building up a self-power system, which can be used to
drive wearable electronics sustainably. Hence, using the PVDF/rGO coils, we attempted to
simultaneously detect the muscle contraction and human arm motion in different angles during
lifting two different weights (1 and 5 kg). The AnEx board can be attached to the fabric and linked
to it by an external connector. The collected data can be transferred via Bluetooth to a laptop of
phone for signal analysis (Figure 5.20a). As can be seen from Figure 5.20 c,d the generated voltage
for two weights of 1 and 5 kg have significant difference in the position of 90° but for maximum
lifting of weight in 180° this difference decreased.
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Figure 5.20 Photograph of woven PVDF/rGO piezoelectric coils applied on arm, a1) the developed wearable
and portable energy generator based on woven PVDF/rGO piezoelectric coils with the poling direction parallel
to the length direction, a2) magnified image of woven structure with three PVDF/rGO coils in warp direction, b)
Photograph of woven piezoelectric sensor based on PVDF/rGO coils during lifting weight, c, d) the generated
voltage associated with lifting weight of 1 and 5 kg in different positions.

The generated voltage may change for different persons with high volume and strong muscles.
Hence, this structure can be a lightweight and portable sensor and energy harvester to monitor body
muscle during sport activity and diversified human motions. The development of elastomer woven
structure is sensitive to all types of human motion and also capable of sensing pressure for various
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applications such as heart rate detection, muscle contraction, pressure monitoring, strain gauges,
robots, etc., due to its ability to response to stretching. More importantly, developed processing
method is scalable for the fabrication of industrial quantities of strain sensing and smart textiles.

5.5 Conclusion
In summary, the highly flexible nanocomposite piezoelectric fibers consisting of PVDF, BT and
rGO were developed. The fibers were fabricated though a melt-spinning process. The fibers were
strong enough to be coiled by twist insertion and then endure axial extension up to 100% strain. A
high energy density of 80 mJ cm−2 was identified in the PVDF/rGO/BT nanocomposite owning to
the rGO presence. These results demonstrated that PVDF-based graphene nanocomposites had
better dielectric and conductivity properties. It is clear that rGO sheet are ordered and aligned in a
uniform orientation, accounting for the improved significant enhancement in Young’ modulus of
the PVDF/rGO nanocomposite fiber. It was found that high-performance PVDF/rGO/BT piezofiber
with 84% of the electroactive β-phase generated a maximum voltage output of 1.3V and a power
density 3W/kg during longitudinal extension at 1Hz. The coils could be easily fabricated through
twist insertion. The piezoelectric response would be increased by increasing the original fiber
diameter, length, and number. The coil structure from meltspun piezoelectric fibers is a novel
method with ability of flexibility, lightweight and mass production capability. These coil structures
have great potential application as motion detectors and self‐powered biomedical and textile
applications in daily life.
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Chapter 6

__________________________________
Conclusions and Future Works

6.1 General Conclusion
The main objective of this thesis was developing piezoelectric fibers and textiles for sensing
and energy generation applications including the real-time monitoring of human movements
and micro-power-generation in E-Textile industries. To reduce cost and bring real impact to
society, large-scale production of energy harvesting smart textiles is an important factor.
Therefore, poly(vinylidene fluoride) (PVDF) as a piezoelectric polymer was fabricated in the
form of fibers using melt spinning that demonstrated the ability for mass production and
fabrication of flexible microfibres. These piezofibers have the ability to generate voltage after
any kind of deformation such as bending compression, impact and stretching. Hence, these
fibers were considered suitable for integration into textile structures that were to be investigated
as self-powered wireless sensors, structural and human health monitoring systems, and cheaply
harvesting energy from human movements.
The experimental studies in chapter 3 showed that the melt spinning parameters greatly
influence the formation of β phase crystallinity, which is necessary for the piezoelectric activity
in the fibers. In order to enhance the piezoelectric performance of fibers post treatment
procedures such as cold drawing and poling process were optimised. Cold drawing is a vital
part of any melt spinning process and it was found that the optimised temperature and draw
ratio were 80 °C and 4, respectively, to provide the maximum β phase fraction. The poling
process was performed using two different technique of corona and contact with an electric
field strength of 150 MV/m. In both methods, the most important parameter for efficient
polarisation was a high applied voltage. Piezo response Force Microscopy (PFM)
measurements identified a variation in the piezoelectric response between different points in
the fibers if they have a length more than 1 cm during the poling process. This result suggests
that the nanoscale piezoelectricity depends on variations on the local properties including
polarization and degree of crystallinity.
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The first textile device was constructed with the poled piezofibers by a multi-step braiding
process to construct a novel triaxial braided piezofiber. This design allowed the electrodes to
be embedded as a core-shell structure and braided piezoelectric fibers placed in between the
inner and outer electrodes. The major difference in the triaxial braided piezofiber developed as
part of this study compared to conventional piezo fibers was that it could be easily fabricated
with unlimited lengths. The developed triaxial braided piezofiber used silver coated nylon
electrodes which bring more flexibility and durability for the structure. The final fibres were
shown to be highly sensitive to motion and impact testing. The PVDF triaxial braided fiber
unexpectedly exhibited a power density of 29.62 μW cm−3 which is ∼1559% higher than
previously reported (1.78 μW cm−3) for piezoelectric textiles. The comparison between the
power outputs of the developed triaxial braided piezoelectric energy harvester and pervious
piezoelectric PVDF energy generators is illustrated in Figure 6.1.

Figure 6.1 Comparison of the power density for the present triaxial braided energy harvesting generator and
previously reported energy generators based on pure piezoelectric PVDF films and fibers. The maximum power
density for the present triaxial braided energy harvester is comparable to or higher than that in previous studies; however,
its sensitivity (output voltage the applied force) significantly exceeds that in previous studies ( 1-7, 8-10, and 11, 12).
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The next phase of this thesis considered the use of filler materials in the forms of nanoparticle
added to the polymer matrix as a potential means for improving the piezoelectric properties of
the melt spun piezofibers. Piezoelectric ceramic particles play an important role in enhancing
the efficiency of piezoelectric fiber composites. Therefore, barium titanate (BT) nanoparticles
as the inorganic piezoelectric materials was chosen to be added to the PVDF matrix. The BT
ceramic particles have high intrinsic piezoelectric performance, high dielectric constant (ε ∼
2000), low cost, natural abundance, and environmental friendliness. Since a number of
processing parameters are required to be optimised and controlled in order to form composite
fibres and also because of the limited number of existing studies in the area of PVDF/BT melt
spun fibers, it was necessary to initially investigate the optimum conditions for nanocomposite
fiber fabrication. This study was carried out and the results are presented in chapter 4. Selection
of appropriate filler content, as well as the fabrication and post treatment parameters were
critical factors that were successfully addressed in these studies. The results showed that the
fibres which contained 10% BT yielded the optimum mechanical results with Young’s modulus
of 891 MPa and ultimate stress of 168 MPa compared to fibres produced with other
components. The β‐phase content of the PVDF/BT nanocomposite fibers first increased and
then decreased as the amount of BT added to the PVDF increased. The amount of β‐phase
decreased as a result of increasing BT percentage for more than 10 wt%. The incorporation of
BT nanoparticles was found to increase the dielectric constant of fiber due to the large dielectric
constant of BT. The dielectric constant gradually decreased when measured at higher
frequencies.
The hybrid BT-PVDF piezoelectric fibers were used to form a variety of textile
architectures including circular knitting, weaving and braiding structures. In all these structures
the conductive fiber and fabrics were used to avoid the negative impact on textile softness, light
weight, breathability, fit, and tactile comfort. The energy storage based on the as‐fabricated
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textile energy harvesters in 10 µF capacitor was found to be 36.45 µJ for circular knitting
structure which was higher than other structures. The energy conversion efficiency of the
woven energy generators was 40% which established the viability of them in real‐life
applications. The potential applications of the developed textile structures as a strain sensor for
the detection of human and/or industrial activities and hydraulic/pneumatic pressure sensors
with tuneable sensitivity were evaluated. The sensors were coupled with a portable wireless
device to allow data to be transferred to a laptop for signal analysis. The results revealed that
textile structures have the stability performance for long time loading measurements. In Table
6.1 the woven PVDF/BT structure in case of output performance and energy conversion
efficiency compared with previous piezoelectric generators.
Table 6.1 Comparison of the output performance and the energy conversion efficiency of PVDF and PVDF
composites energy harvesters
Active material

Active area

Output
Voltage
[V]

Output power

Energy
conversion
efficiency

Reference

PVDF

5cm×5cm

0.03

-

21.8%

13

PMLG/PVDF

5mm×5mm

0.08

0.0025 μWcm-2

3.3%

14

PVDF-TrFE

-

3

16.5nW

11%

15

PVDF/AlO‐rGO

-

6.1

27.97 μWcm−3

12.47%

16

Gr-BT/PVDF

2.5cm×2.5cm

11

0.656 μWcm-2

1.69%

17

Yb3+/PVDF

1.6cm×3.2cm

10

1 µWcm-2

2.4%

18

PVDF/ZnS-NRs

8 cm × 8 cm

6

0.15 μWcm-2

58%

19

PVDF/TiO2

-

1.8

-

70%

20

knitted PVDF/BT10

1cm×2cm

1

87 μWcm−3

39.5%

This work
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Further potential improvements to the piezoelectric performance of PVDF fibers were
considered by combining BT and rGO as nanoparticle additives to the PVDF matrix. These
studies are described in Chapter 5. The PVDF composite fibers were used to make different
structures including coil, woven and knitted textiles. The performance of different composites
of PVDF, PVDF/BT, PVDF/rGO and PVDF/rGO/BT in all these structures were compared.
Among all the samples, the PVDF/rGO/BT nanocomposite coil showed a maximum voltage output
of 1240 mV at an applied force of 1 N for 100% strain when pure PVDF coil generated a maximum
voltage output of 300 mV while PVDF/rGO and PVDF/BT samples showed 400 mV and 700 m V
maximum output voltages, respectively. The PVDF/rGO fiber was fabricated in the plain weave
structure with silver coated nylon as electrodes. With four active sections of the woven structure
connected in series it could fully charge a 100 µF capacitor up to 1 V with the energy
conversion efficiency of 26%. The PVDF/rGO fibers in a circular knitted structure
demonstrated the sensitivity is 7.34 mV kPa−1 during compression loading. In a portable and
adjustable setup the PVDF/rGO coil structure could accurately identify finger bending up to 180°
and generated a voltage of 730 mV. The results confirmed that maximum peak-to-peak power of
about 7 nW or 0.03 µW/cm3 can be harvested from wearable piezoelectric coils by finger bending
movements. In another demonstration, the PVDF/rGO coils with silver‐coated nylon were
woven together and use to monitor muscle contraction and human arm motion in different angles
during lifting weights. This application can be useful to monitor muscle performance of athletes
during their exercise or in the recovery of muscle injury which is the most common complaints
in orthopedic practice, occurring both among athletes and among non-athletes. The more
powerful muscle contractions generated more voltage and this signal can evaluate the muscle health.
Therefore, it can be concluded the PVDF-based textiles exhibits broad prospects in the development
of the human-based self-powered area, and it is significant in electronic system devices and medical
sensing applications. Table 6.2 summarize the performance of all devices developed in this thesis.
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Table 6.2 Comparison of the performance of all PVDF base developed devices
Active area size
and weight
2cm✕2.5mm,
0.0138grcm-1
3.14 cm2, 0.057
grcm-2
2cm✕2.5mm, 0.08
grcm-1
2cm✕1cm, 0.034
grcm-1

Voltage

Power density

Excitation
Method

380 mV

29.62 µWcm-3

Falling ball

1000 mV

36.2 µWcm-3

1500 mV

38.8 µWcm-3

4000 mV

87 µWcm-3

periodic
compression
periodic
compression
periodic
compression

Coil

2cm, 0.001 grcm-1

700 mV

0.03 µWcm-3

Finger bending

PVDF/rGO/BT

Coil

1cm, 0.0015 grcm-1

1200 mV

0.42 µWcm-3

100% strain

PVDF/rGO

Woven

4cm✕10mm, 3gr

1000 mV

28 µWcm-3

Periodic pressure

PVDF/rGO

Knit

2cm✕1cm, 0.028
grcm-1

1200 mV

57 µWcm-3

compression

Materials

Type

PVDF

Braid

PVDF/BT

Woven

PVDF/BT

Braid

PVDF/BT

Knit

PVDF/rGO

6.2 Suggestions for Future Work
The main aim of this thesis was to investigate the properties of piezoelectric fiber at the
microscale which contain different fillers to enhance their output performance. This goal was
successfully achieved from fundamental study to fibers integration in different textile
structures. However, like any other research, there are many promising areas still to be
continued in future research which could not be address in this thesis. So, here I will suggest
the areas of research that should be further explored, as regards the results presented in this
thesis.
•

The output currents of the piezoelectric fibers were in the range of nA. To increase the
output current, different fillers are needed to be used for further investigate of composite
fibers. In this thesis the fillers of rGO and BT and mixture of them were evaluated other
functional materials, hybridization mechanism, conductive filler and piezo ceramic
particles need to be explored. Also use of PVDF co-polymers is highly recommended.

•

Deeper study about polarization uniformity and depolarization in piezoelectric fibers
contain different fillers needs to be established by the PFM method. This method provides
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imaging of ferroelectric domains on a sub-micrometer scale during switching events. This
information can help elucidate the links between microstructure and piezoelectric
parameters to help optimise the structure for enhance piezoelectric performance.
•

Selecting appropriate electrodes based on the final application condition is another
important factor. These electrodes must collect the charge from generator (piezo) part and
transfer it to the target user. Therefore, these electrodes should have a suitable interface
with the generator and also have low internal resistance. Embedding electrodes in an
appropriate contact with active area of piezo generator is another factor which should be
considered.

•

The processing and post processing conditions for fiber fabrication during melt spinning
method including feeding and cooling rate, take up speed, drawing ratio and temperature,
poling time, voltage and temperature for different fillers with different concentration need
to be discussed more. Also, it is suggested to evaluate the effect of environment conditions
such as temperature and humidity on piezoelectric response of fibers.

•

Effective packaging of the device in case of integrating of materials and electrodes in a
textile-based device is necessary to have a durable product. However, the packaging also
needs to ensure breathability, comfort, and wearability. Also wearable generators are
exposed to continuous movements and complicated deformation which brings noise to the
system. The appropriate packaging system should somehow filter noise.

•

The excitation frequency range and amount of strain on output performance of piezo
generator with different fillers content need to be evaluated.

•

There is an opportunity to develop improved energy harvesting garments by combining
piezoelectric, triboelectric and electrostatic effect to improve the performance of the
generator.
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•

There should be a capable system to harvest the power generated by the device and guide
this energy to be used for final application. This system can be a lithium ion battery with
low self-discharge and high energy density. Hence, more research is required to develop an
effective energy harvesting circuit for charging a battery.

•

It is recommended to model piezoelectric fibers in simulation software such as ANSYS,
Solid Works or ABAQUS. In the modelling environment it is possible to predict the output
voltage and efficiency of generator in different deformation forms including bending,
stretching and twisting. Also, the effect of structure shape and dimension can be evaluated
by simulation technique.

•

The piezoelectric fibres applications are in various areas such as medicine, sport, industry
sensors, constructions which need to be considered and discussed with professionals from
these fields.
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